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Abstract Keywords

This paper systematically reviews epidemiologic studies related to low-level non-occupational  Bradford Hill, epideminlogy, insecticides,
exposures 1o organophosphorus (OP} insecticides. Many of the studies evaluate lavels of mater- organophosphorus, pesticides

nal OP metabolites and subsequent health outcomes in offspring. The studies focused primarily

an birth outcomes {e.g., infant body weight or head circumference) and neuredevelopmental  History

{e.g., mental and psychomotor) testing results. The evidence from these studies was reviewed
under the Bradford Hill guidelines. Most of the studies assessing exposure based on urinary lev-
els of OF insecticide metabolites used only one or two measurements during pregnancy. The
potential for exposure misciassification with this method is largely due to {1) preformed metabo-
lites that are ingested with food, (2} the short elimination half-life of OP insecticides, and (3} lack
of specificity to particular OP insecticides for many of the metabolites. For birth outcomes, the
majority of reportad results are not statistically significant, and the associations are inconsistent
within and across studies. There is more within-study consistency for some of the neurcdevelop-
mental testing results, although few associations were examined across several studies. These
associations are generally weak, have been replicated only to a limited extent, and require fur-
ther confirmation before they can be considered established. The OP insecticide levels measured
in the epidemiologic studies are too low to cause biologically meaningful acetylcholinesterase
inhibition, the most widely used metric for OP insecticide toxicity. Overall, the available evidence
does not establish that low-level exposures to OF insecticides cause adverse birth cutcomes or
neurodevelopmental problems in humans.
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Introduction

Organophosphorus (OP) insecticides, or their oxon metabo-
lites, persistently inactivate acetylcholinesterase {AChE), an
enzyme involved in neurotransmission in insects as well as
humans and other animals. OP insecticides are used widely
around the world. Most studies of the adverse human health
effects of exposure to OP insecticides have focused on occupa-
tional or other high-dose exposures, including acute poisoning.
Acute clinical effects result from AChE inhibition at synapses
in the central nervous systens, autonomic nervous system, and
seuromuscular junction (Eddieston et al. 2008).

Over the last decade, a number of epidemiologic studies
have been published that evaluate the potential health effects
of OP insecticides in populations with lttle or no occupational
exposure. These epidemioclogic studies have most frequently
evaluated birth outcomes, such as infant body weight and head
circumference, or results of neurodevelopmental tests that
measvre mental and psychomotor function. The primary expo-
sure pathways for subjects in these studies likely inchude diet,
residential use, and in some cases, proximity {o agricultural
operations. Exposures in these studies are estimated primar-
ily by measuring OP insecticide homarkers or degradation
products (referred to in this article as “OP metabolites”) in
urine and blood. In several study populations, such markers
have been measured at levels that are sufficiently low to indi-
cate that exposure to OP insecticides originates predominantly
from dietary sources (Berman et al. 2013, Lu et al. 2008).

Risk assessments in Burope and the United States have
conchaded that dietary exposure to OP insecticides appears
generally to be safe (Boon et al. 2008, Claeys et al. 2008,
Jensen et al. 2003, Jensen et al. 2009, Nougadere et al. 2012).
Nevertheless, several recent epidemiologic studics that mea-
sured OP nmetabolites in blood or urine suggest associations
between low-dose exposure to OP insecticides and adverse
human health effects. Most of these studies have focused on
P insecticide metabolite levels in utero, which is believed
to be the critical exposure period for human neurclogical
development (Rice and Barone 2000) and is, by definition,
the only relevant exposure period for birth ouicomes. Given
the widespread use of OP insecticides and consumption of
OP-treated foods, understanding the potential human health
impact of low-dose exposure to OP insecticides is important
from a public health and regulatory standpoint. We undertook
this systematic review of epidemiologic studies of low-level
OF metabolites to evaluate the existing evidence on associa-
tions with adverse human health outcomes. A few previous
papers have reviewed the epidemiclogic literature specific to
chlorpyrifos for neurobehavioral outcomes (Li et al. 2012)
and fetal growth outcomes (Mink et al. 2012), and found no
compelling evidence of effects. Burns et al. (2013) reviewed
animal toxicology and epidemiologic data for neurodevelop-
mental outcomes and all classes of pesticides. The researchers

Crit Rev Toxicol, 2015; 45(7): 531-641

found that the epidemiologic literature did not sapport causal
cifects for pesticides, and that effects found in toxicology stud-
ies were generally seen at doses similar to or higher than points
of departure used in regulatory risk assessments. This review
is the first to address potential effects of all OP insecticides
from epidemiologic studies with low-level exposures.

To evaluate the scientific evidence for a conclusion regard-
ing causality, we used the Bradford Hill guidelines, including
strength of association, consistency, temporality, biological gra-
dient, plausibility, coherence with toxicological evidence, spec-
ificity, cxperiment, and analogy (Hill 1965). The manuscript
also includes a detailed evaluation of the validity of the urinary
biomarkers used in the epidemiologic studies, and reviews the
plausibility of the associations by comparing amimal and Jimited
human toxicology data with the OP insecticide levels observed
w the epidemiologic studies. Potential confounding and bias
arc also cvaluated. The data are then assembled to assess over-
all evidence for and against a causal relationship between low-
level exposure to OF insecticides and adverse birth outcomes or
neorodevelopmental problems in humans.

Scope of review

To identify the relevant stadies on low-level OP metabolites and
human health cutcomes, we used PubMed to search MEDLINE
asing keywords and keyword roots, including organophosph®,
specific metabolites (e.g., dialkyviphosphate™ or dialkyi phos-
phate), specific OP iosecticides {e.g., chiorpyrifos, diazinon,
malathion, parathion, or phosmet), and various age groups (e.g.,
child®, infan™, toddler™, birth™, men, women, or adult™). Based
on a review of titles and abstracts, we excluded more than 1500
articles that presented animal and in vitro studics, biomonitor-
ing studies, and other non-epidemiologic studies, including case
reports, commentaries, and reviews (some of which were exam-
med to wdentify references missed by the clectronic search).
After reviewing full-text articles, we further excluded 40 studics
of occupational or para-occupational (i.e., take-home) exposure
to OP msecticides, exposure by poisoning, exposure by pedicu-
losis treatment, exposure by aerial residential or illegal indoor
residential spraying, exposure (o pesticides or insecticides not
specific to OP compounds, and paraczonase 1 (PONT) geno-
type or PONI enzyme activity without specific evaluation of
OP insecticide exposure. We further excluded 31 studies that
estimated OP exposure based on self-reported or geographic
data, and those that estimated associations with health catego-
ries that were evaluated in fewer than three independent studies,
thereby providing an insufficient basis for a weight-of-cvidence
evaluation. Based on this last consideration, the two endpoint
categories of interest in this review are birth outcomes and
results of newrodevelopmental testing. We ultimately included
31 epidemiologic studies—11 studies of birth outcomes and
20 studies of nevrodevelopmental outcomes—in this review.
Study characteristics—including  study name, location,
design, description and number of subjects, follow-up time,
exposure assessment methods, outcome assessment methods,
point and interval estimates of association between specific
exposures and outcomes of interest, and adiustment factors—-
were abstracted from ecach relevant study, and independently
checked by another reviewer for accuracy. Individual stud-
ies were evalnated with respect o strength of study design,

exposure and outcome assessment, potential for confounding
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and bias, role of random error or chance, and interpretation
of results. To evaluate the overall weight of epidemiologic
evidence, we used the framework of the Bradford Hill guide-
lines (Hill 1965). The Bradford Hill guidelines are one of the
most common and established methods of assessing evidence
for a causal relationship between an exposure and a disease
(Gordis 2013). We assessed the study results relative to each
of the Bradford Hill guidelines, scparately for birth outcomes
and neurodevelopment. These aspects were used as consider-
ations, but not as strict criteria in a checklist fashion, to guide
our evaluation of causality.

Overarching issues

Before proceeding to a review of the individual studies, three
overarching issues need to be discussed. First, most studies use
urinary fevels of OP insecticide metabolites to classify expo-
sures. Therefore, we discuss the validity of exposure assessment
using these wrinary biomarkers. Second, the OP insecticide
exposure levels of the study subjects are generally lower than
those previously identified as harmful. Therefore, we briefly
review the extensive animal toxicology and limited human
toxicology data to evaluate the plansibility of the associations
observed in epidemiologic studies. Third, in any epidemioclogic
study, confounding and bias should be considered as potential
explanations for an observed result (Gordis 2013).

Biomarker validity

Most epidemiologic stdies that use biomarkers of OP insec-
ticide exposure rely on urinary measurements of OP metabo-
lites. The metabolites include six dialkylphosphates (DAPs):
dimethylphosphate (DMP), dimethylthiophosphate (DMTP),
dimethyldithiophosphate (DMDTP), dicthylphosphate (DEP),
dicthylthiophosphate (DETP), and dicthyldithiophosphate
(DEDTP). The first three are commonly grouped as DMPs,
and the latier three are commonly grouped as DEPs. In a few
studies, metabolites of specific OP msecticides (usually chlo-
rpyrifos or malathion) were measured. Use of these metabo-
lites as exposure biomarkers has the potential for exposure
misclassification, for the following reasons:

e (P metabolites formed directly on or in food are well
absorbed orally and cannot be distinguished from those
formed following absorption.

¢ Rapid metabolism of OP insecticides and their metabolites
results in high intra-individual variation in levels, such that
single samples may not reflect past or long-term average
EXPUSUTe.

e DAP metabolites are not specific to individual OP insecti-
cides, and there is a vast range of toxicity across different
compounds.

e Variability in exposure measurements across studies dimin-
ishes the comparability of results.

Direct formation of OF metabolites in food

DAPs are products of OP hydrolysis. The metabolism of
OP insecticides in plants and homans is similar. The DAPs
detected in human urine may therefore have been ingested with
food or formed in the body following absorption of OP insec-
ticides (e.g., Zhang et al. 2008). Compared with their parent
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compounds, DAPs are virtually non-toxic (Chen et al. 2013).
Some studies used chemical-specific urinary metabolites,
inchuding malathion dicarboxylic acid (MDA, a metabolite of
malathion) and 3,5,6-trichloro-2-pyridinol (TCP, a metabo-
fite of chlorpyrifos), as OP insecticide exposure biomarkers.
These chemical-specific metabolites also form directly in food
(Morgan et al. 2011, Chen et al. 2012) and are also relatively
non-toxic compared with their parent compounds or active
metabolites (Chen et al. 2012, Eaton et al. 20083

Several studies have demonstrated that most dietary expo-
sares are actoally to the OP metabolites and not to the parent
compounds. Zhang et al. (2008) measured OP and DAP levels
on 1533 produce samples known to be contaminated with OP
insecticides. The mean concentrations of OP insecticides and
DAP residoes were 1.2 and 2.0 nmol/g, respectively. On a
molar basis, more than 60% of the total residues were DAPs.
In addition, 60% of the samples contained higher DAP than
OP residues. The niole fraction of DAPs across the samples
varied widely, ranging from 0.02 to 0.99. Zhang et al. (2008)
foond that the mole ratio of DAPs to parent OP insccticides
was both produce-specific and chemical-specific, with higher
ratios for diazinon, phosmet, chlorpyrifos, azinphos-methyl,
and malathion. When measured on strawberries, the ratio of
DAPs to parent insecticide (malathion} increased with time
since application, indicating continuous transformation. The
mole ratio of DAPs to malathion was 1.4 onc day after applica-
tion, and increased to 8.7 after 9 days.

Morgan et al. (2011) measured chlorpyrifos and TCP Jevels
in food from homes and daycare centers of 127 Ohio preschool
children. The mean chiorpyrifos residues were 0.4 ng/g in
homes (n = 125) and 0.2 ng/g in daycare centers (n = 29). The
mean TCP residues were 2.6 ng/g in homes (n = 127) and 2.8

significantly higher than the chlorpyrifos residues. Moreover,
the Pearson correlation coefficient for dictary chlorpyrifos
and excreted urinary TCP was only 0.30, meaning that dietary
chiorpyrifos exposure explained only about 9% of the vari-
ability in excreted urinary TCP.

Chen et al. (2012) measured malathion and its transfor-
mation products, including the DAPs, MDA, and malathion
monocarboxylic acid (MMA), in 157 produce samples. The
samples had been confirmed previcusly to contain detectable
malathion, but no detectable levels of other OP insecticides,
The mean malathion residue was (.60 nmol/g, and the mean
preformed metabolite residue was 3.29 nmol/g. The mole
fraction of preformed metabolites (DAP + MMA + MDA)
ranged from 041 to 1.00. The mole ratio of total metabolites
to malathion parent ranged from 0.70 to 333.

In summary, by demonstrating that most of the DAPs, MDA,
and TCP are formed on food items, these studies indicate that
the metabolite concentration measured in urine may be due
to direct exposure o these relatively non-toxic compounds,
rather than to the parent OP insccticide. The substantial vari-
ability in the metabolite-to-parent ratio reduces the value of
excreted metabolites as markers of OP insecticide exposure.

"fo be precise, when formed in the environment, the DAPs are not “metabo-
lites” formed by enzymatic transformations, but rather are degradation prod-
ucts formed by hydrolysiz or photolyais. However, we use the term “DAP
metabolites” in the paper {or bravity.
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Rapid metabolism of OP insecticides

The epidemiclogic stadies of prenatal OP exposure typi-
cally include either one or two urinary measurements of OP
metabolites that are mtended to represent the exposure of the
mother during pregnancy. However, many OP insccticides
are metabolized relatively rapidly. Most OF insecticides are
typically excreted within 24-48 h (World Health Organiza-
tion {WHO] 1996). Some human exposure data suggest even
faster rates of metabolism for particular OP insecticides.
For example, Garfitt et al. (2002) reported that a single oral
dose of diazinon has a wrinary chimination half-life of 2 h.
In a similar study, Bouchard et al. (2003) estimated a 4-h
half-life for malathion.

Given the rapid elimination of OF insecticides, any spot
measurement will reflect only recent exposure. If the relevant
exposure period of interest is an average over pregnancy. a
single measurement may be inadeqgoate. There is no biological
basis to specify a particular exposure period during pregnancy
as especially relevant for nconatal or childhood outcomes
cxamined in this review. However, if the exposure period
of interest is a short time window during pregnancy, then a
spot measurement taken outside that window may not be
etiologically relevant.

DAP metabolites are non-specific

Multiple OP insecticides are metabolized into each of the six
DAPs (Duggan et al. 2003, Sudakin and Stone 2011). Some OP
nsecticides {e.g., malathion and disuloton} are converted to
as many as three different DAPs, whereas others {(e.g., dichlo-
rvos and tetrachlorvinphos) metabolize to only a single DAP.
Moreover, acephate and methamidophos do not mietabolize to
DAPs at all (Solecks 2002).

There are substantial differences in toxicity across the
OP insecticides. The U.S. Environmental Protection Agency
(EPA) estimated chronic exposure benchmark doses using
10% brain AChE inhibition threshold (BMD ) for all regis-
tered OP insecticides. AChE inhibition is the widely recog-
nized mechanism of action for OP toxicity (Mileson et al.
199%). The BMD, , values in the EPA assessment, based on
rat laboratory studies, ranged from (.04 milligrams per
kilogram hody weight per day (mg/kg/day) for dicrotophos to
313.9 mgfkg/day for malathion (USEPA 2002), a nearly
8000-fold difference. Even among the most widely used OP
insecticides, the toxicity varies over orders of magnitude (see
next section). Such large differences in toxicity across OP
insecticides, combined with the lack of specificity for DAPs,
significantly Himit the ability of DAP urinary levels to provide
an informative measure of toxic exposure.

Intra-individual variability in urinary DAP levels

Studies with repeated measures of urinary DAP concentra-
tions offer useful information on intra-individual variability.
Bradman et al. (2013) found that spot DAP measurements in
children changed up to two orders of magnitude over a week
or even within a day. In 24-h urine samples, the DAP levels
differed by as much as an order of magnitude for samples col-
lected three days apart.

A number of researchers have reported that within-
child variability in DAP levels is higher than between-child
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variability (Griffith et al. 2011, Sexton and Ryan 2012,
Bradman et al. 2013, Aufield et al. 2014). For example, within-
child variability in one study was 2-11 times greater than that
observed across the stady population (Attficld et al. 2014).
Griffith et al. (2011) found similar results for children living
in an agricultural community in central Washington State.
Sexton and Ryan (2012) measured the intraclass correlation
cocfficient for urinary DAP among clementary school children
in Minneapolis, and observed “only modest correlations” in
siblings from the same houschold.

Because the associations cstimated in the epidemiologic
studies are based on one, or at most two, DAP measurements,
a higher level of intra- than inter-individual variability can
lead to considerable exposure misclassification. Attfield ot al.
(2014) illustrated this problem by assigning subjects with
multiple available OF metabolite measures to four exposure
categories based on the mean values of 1-4 randomly sclected
samples. If the metric under study is reliable, the grand means
of the four resulting exposure categories are expected to
increase monotonically. In this stady, however, the resulting
grand means were monotonic only 14-15% of the time for
MDA and 19-32% for TCPy, when the exposure assessment
was based on only one sample per subject. When two samples
were used, the resulting grand means for MDA and TCPy were
monotonic 31-32% and 34-41% of the time, respectively.

Potential impact of exposure misclassification

It is important 1o consider the potential impact of misclassifica-
tion of OF insecticide exposure on the results of epidemiologic
studies. It is often said that if exposure nisclassification is non-
differential (i.c., independent of health status), hias is expected
to produce an attenuated measure of association (Cantor et al.
1992). However, it is plausible that short-term variability in
dietary patterns and other influences on OP insecticide expo-
sure differ by health status. For example, diet is associated
with birth outcomes and nearodevelopment (Abu-Saad and
Fraser 2010, Millichap and Yee 2012, Smithers et al. 2013),
and changes in dict are commonly triggered by health status.
Consequently, if diseased individoals altered their dictary
habits more frequently than non-diseased individuals, then the
degree of exposure misclassification would differ by health
status, leading to an unknown degree or direction of bias. Even
if exposure misclassification is non-differential by health out-
come, it does not necessarily result in a predictable direction
of bias. Additional conditions, such as independence of classi-
fication errors, must be met for non-differential misclassifica-
tion of a binary exposue to result in bias toward the null, and
even then the tendency applies only to the expectation of the
estimated association, not to the valoe of the estimate from any
single study (Jurek et al. 2008, Jurck ct al. 2005). Moreover, for
exposures with multiple levels, non-differential misclassifica-
tion results in bias of unpredictable direction and magnitude
(Sorahan and Gilthorpe 1994, Wacholder et al. 1995).

Dose-response

OP insecticides or their active metabolites inhibit the enzyme
AChE, which breaks down the ncurotransmitter acetylcho-
line. Neurotoxicity resulis from cxcessive accumulation of
acetylcholine in cholinergic synapses. Thus, inhibition of
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nervous system AChE is generally regarded as the primary
toxic mode of action for OP insecticides (Mileson et al. 199§,
U.S. EPA 2000). Accordingly, the 1.S. EPA regulates OP
insecticide safety by setting exposure levels to be sufficiently
low that excessive AChE inhibition will not occur (U.S. EPA
2000). It is possible that developmental neurotoxicity may
result from mechanisms other than AChE inhibition (Yang
et al. 201 1). However, the U.5. EPA requires developmental
neurotoxicity studies for OP insecticides and has found that
AChE inhibition is protective of developmental neurotoxicity
cffects. It 1s acknowledged that developmental neurctoxicity
studies in animals may not be sensitive enough to detect all
developmental neurotoxicity-related effects; research in this
area conlinues.

In bumans and other mammals, AChE exists in both the ner-
vous system (brain, spinal cord, and peripheral plexuses and
nerves) and the red blood cells (RBCs) with varying amounts
in plasma in some species. Another type of cholinesterase,
butyrylcholinesterase (BChE), is found in plasma and other
tssues (Li et al. 2008).

Inhibition of blood cholinesterase, either in RBCs or
plasma, is generally regarded as a marker of exposure, but
not necessarily a toxic effect (U.S. EPA 2000). Nevertheless,
because data on AChE activity in peripheral nervous system
tissues may be lacking in animal studies and data on periph-
cral nervous system tissnes and/or brain is usually lacking in
humans, the EPA regards AChE inhibition in blood as a surro-
gate for peripheral nervous system AChE inhibition in animals
and brain AChE inhibition in humans. Given that the relevant
target for toxicity is nervous system AChE and extensive data
are available on inhibition of brain AChE in rats and other
non-framan species, the focus of the analysis described below
is on brain AChE inhibition,

It is useful to examine these data relative to the OP bio-
marker levels in non-occupational settings to determane the
potential for brain AChE inhibition at the exposure levels
found in the epidemioclogic studies. As part of its risk assess-
ments for registration review, the U.S. EPA has developed
AChE dose-response models for brain AChE for OP insecti-
cides used in the United States. The dose—response models are
based on the benchmark dose for 10% inhibition (BMD 1o of
brain AChE in animal studies. The BMD, | represents the dose
that, on average across the animals, causes 10% AChE inhibi-
tion and is considered by the U.S. EPA to be a “response level
close to the background cholinesterase™ (U.5. EPA 2002). The
dose~response models are based on an exponential decline of
ACHE activity with dose.

We reviewed the US, Department of Agriculture (USDA)
Pesticide Data Program database to identify the OF insecti-
cides most commonly detected in food. The latest data arc
from 2012 (USDA 2014). Four OP compounds—dimethoate,
omethoate, malathion, and chiorpyrifos—account for nearly
80% of the 663 detections. In the U.S. EPA risk assessments
(U.S. EPA 2005, 200%9a, 2011), the lowest BMD,, values
were 1.4 mg/kg (4.1 nmol/kg) for chlorpyrifos, 1.5 mg/kg
(6.6 nmol/kg) for dimethoate, and 23.6 mg/kg (71.5 amol/kg)
for malathion. For omethoate, we used the BMIy of 0.14 mg/
kg (0.68 nmol/kg) based on a cholinesterase study conducted
after the last U.S. EPA risk assessment (Reiss 2012). US. EPA
used a shghily higher value of 0.18 mg/kg in its last dimethoate
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risk assessment based on earlier data (U8, EPA 2005b). All
of the BMD , values are for exposure to rat pups on postnatal
day 11 and are the lowest BMD , estimates observed in pups,
adults, and pregnant dams. The rat pups were exposed directly
on postnatal day 11 and prenatally through exposure from the
dam. The rats in these studies were generally well nourished,
which may lead to uncertainty in applying the results to poorly
nourished human populations.

It is wseful to estimate exposures associated with DAP lev-
els measured in the epidemiologic studies so that AChE inhi-
bition associated with those DAP levels can be estimated. This
can be roughly accomplished by back-calculating an exposure
based on the DAP level and urine volume, acknowledging the
uncertainties in the caleulation. Curl et al. (2003) provides &
simple equation to estimate the dosage associated with a vri-
nary DAP measurement:

DAP XV XMW
BW

Dosage =

where [DAP] is the total molar DAP concentration, V is
the daily urine volume, MW is the molecular weight, and BW
is the body weight. We assume a normal urine volame of
20 mb/kg/day (Gonzales and Bauer 1999). The urinary levels
are corrected for DAPs formed on food items by assuming
that 38% of the vrinary DAP levels are from exposure to the
pesticide, based on data from Zhang et al. (2008). Use of
the above equation to estimate the dosage of OP insecticide
associated with DAP measurements in the epidemiologic
studies has important limitations. The DAPs originate from
different OP compounds, but to apply the dose—response mod-
els, we need to assume that all DAPs originate from exposure
to one OP insecticide. In addition, data on DAPs formed on
food items are not available for all OP insecticides and com-
moditics. The DAP measurements in the epidemiologic stud-
ies are typically spot samples, yet the equation estinates full-
day exposuores. Despite these limitations, the models provide
a usctul approximation to assess AChE inhibition for dosages
corresponding to the urinary metabolite levels found in the
epidemiologic studies.

Among participants in the 20002004 National Health and
Nutrition Examination Survey (NHANES), the geometric
mean of urinary DAP concentrations was 68 nmol/L, and the
corresponding 75th percentile was 186 nmol/L (Bouchard
et al. 2010). The NHANES data represent a sample of the
general non-iostitutionalized U.S. population. For the Cen-
ter for the Health Assessment of Mothers and Children of
Salinas (CHAMACOS) epidemiologic study, Bradman et al.
(2005) reported median and 90th percentile levels of 103 and
732 nmol/L for the first prenatal sample, 107 and 422 nmol/L
for the second prenatal sample, and 227 and 1349 nmol/L
for the postpartum sample, respectively. The most recent
(2007-2008) NHANES data on urinary DAPs show that the
50th, 75th, 95th, and 99th percentiles across 2564 samples
were 48, 135, 587, and 1406 nmol/L, respectively, assuming
half the limit of detection for non-detects (CDC 2014). The
75th percentile of 155 nmol/L is somewhat lower than the 75th
percentile reported by Bouchard et al. (2010) for the 2000-
2004 NHANES data. The 98th percentile in the 2007-2008
NHANES data set is about 2000 nmol/L, which corresponds
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to exposures of less than about 8-14 pg/kg/day, depending on
the molecular weight of the OP compound.

Based on the dose—vesponse models assuming that all expo-
sures are from a single OP insecticide, at 2000 nmol/L, the
cstimated brain AChE inhibition was (0.002% for malathion
and 0.001% for chlorpyrifos. While malathion has a higher
BMD,,, the chlorpyrifos data were fit to a different dose—
response model that has a low-dose shoulder, limiting inhibi-
tion at low doses. At higher doses, the models diverge, and
malathion 18 estimated to cause less inhibition than chlorpy-
rifos. The estimated brain AChE inhibition at 2000 nmol/L is
(.03% for dimethoate and 0.2% for omethoate.

These low levels of brain AChE inhibition are highly
uplikely to be chinically detectable, particularly considering
the variety of factors that may affect AChE activity. For exam-
ple, solanaceous glycoalkaloids found in potatoes cause AChE
ithibition (Krasowski ¢t al. 1997); so docs huperzing, another
natural product derived from club moss, which is used in the
treatment of dementia (Ozarowski et al. 2013). The inhibition
of AChE activity associated with huperzine is hypothesized
to result in improvements in long-term memory (Ozarowski
et al. 2013). Lefkowitz et al. (2007) evaluated bascline RBC
AChHE activity for 46 workers over an average of 20 years of
employment. The mean coefficient of variance for RBC AChE
was 3.9%. Ferioli and Marom (2011) report inter-individual
variations in RBC AChE of 10-18% and intra-individual
variations of 3-7%. This baseline variance for individuals is
higher than the estimated AChE inhibition at upper percentiles
of the doses reported in the epidemiclogic stadies. Moreover,
these data are for RBC AChE, which adds uncertainty, because
RBC AChHE activity serves as a surrogate measure of brain
AChE function.

The estimates from the U.5. EPA dose—response models
are for the mean response in rats and do not account for intra-
individual variability or the potential for increased sensitivity
in lamans. There are limited data to directly compare animal
and human seositivity to OP compounds, although the mecha-
nism is considered similar. There was no RBC cholinesterase
inhibition in a single-dose study of humans at malathion doses
as high as 15 mg/kg (Giles and Dickson 2000). This is higher
than the 7.6 mg/kyg estimate (95th percentile lower limit of
the BMD, ) for malathion-induced RBC cholinesterase inhi-
bition based on an acute dose to rats (U.S. EPA 2009b). Tim-
chalk et al. (2002) developed physiologically based pharma-
cokinetic and pharmacodynamic (PBPK/PD) models for rats
and humans for chlorpyrifos and found similar differences in
chlorpyrifos sensitivity between rats and humans for RBC
ACHE inhibition. Even with a 100-fold uncertainty factor, the
estimated AChE inhibition levels are low. At a DAP urinary
fevel of 2000 amol/L and assuming a 100-fold uncertainty
factor, the AChE inhibition is estimated to be (0.2% for mala-
thion, 2.1% for chlorpyrifos, 2.4% for dimethoate, and 21%
for omethoate. While the omethoate estimate is above 10%, it
was derived conservatively by assuming that all DAPs come
from omethoate consumption, in addition to the 100-fold
safety factor.

The available dose—response models are for acute exposures.
There is no biological basis to determine whether the possible
cffects found in the epidemiologic studies are caused by acute
(during a small window of pregnancy) or chronic {over the

Crit Rev Toxicol, 2015; 45(7): 531-641

course of pregnancy) exposures. The dose—response analysis
was done with acute exposuores, because the DAP urinary
measurements correspond to short-ierm exposures. Bradman
et al. {2013) showed that there is a large variability in DAP
measurements for individuals over one weck. Thus, urinary
DAP levels may not be appropriate for chronic dose-response
assessment, unless steady state has been reached between dose
rate and biotransformation/elimination, resulting in a plateau
steady-state level of metabolite(s).

While most agree that OP toxicity is mediated through
AChHE inhibition, some have argued that toxicity from OP
insecticides occurs at doses lower than those required to cause
AChHE inhibition (e.g., Slotkin and Seidier 2007). However,
for many studies that have reached this conclusion, subsequent
observations indicate that the AChE activity measurements
from the mhibition tests were conducted long after the initial
exposure. This allowed time for the AChE activity to recover,
missing the point of maximum inhibition, and resulting in an
upderestimate of AChE inhibition (Eaton et al. 2008). Many
of these studies were done with chlorpyrifos. It was also noted
that the doses used in several of these studies ranged from 1 to
5 mglkg chlorpyrifos administered subcutaneously to rat pups,
or prenatally (Eaton et al. 2008). For 20 mL/kg/day of urine
volume (Gonzales and Bauer 1999), assuming that 38% of
DAPs are from exposme to chlorpyrifos (Zhang et al. 2008),
the estimated DAP levels associated with 1-5 mg/kg of chio-
rpyrifos dose are approximately 375 000-1 900 000 nmoV/L,
levels that are well above those measured in the epidemiologic
studics discassed in this section.

Some recent studics have also pointed to OP-mediated
enzyme inhibition in the endocannabinoid system, which is
mporiant in nervous system development, and suggested that
these effects occurred at doses that do not cause AChE inhibi-
tion e.g., Carr et al. 2013). However, at this time, the meaning
of these effects is unclear.

Overall, there are no toxicological data to soggest that del-
eterious effects could occur as a result of the low-level OP
insecticide exposures experienced by subjects in the epide-
miologic studies.

Confounding and bias

OP exposure in non-occupationally exposed populations is
likely driven by dict and residential pesticide use (Kricger et al.
2012). Both diet/mutritional status and residential pesticide use
may, in turn, be associated with other factors that affect health,
therchy potentially resulting in confounding bias. In addition,
selection bias can occur if study completion rates (in cchort
studies) or participation rates (especially in case—control and
cross-sectional stadies) vary according to OP exposure, and
health outcome.

For example, maternal body mass index (BMD, smoking,
and nutrition can influence uripary DAP levels (see Figure |
developed from CDC 2014 data; other data from CDC 2014
show that smokers have lower vrinary DAP levels), as well as
birth outcomes (Marshall and Spong 2012, Mason et al. 2012,
Andres and Day 2000). These factors, along with childhood
autrition and BMI, which is inversely associated with urinary
DAP levels (see Figure 2 developed from CDC 2014 data),
can also influence neurodevelopmental outcomes in children
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Tigure 1. Urinary DAP (nmol/L) versus BMI for adualts (> 18 years
of age) in the 2007-2008 NHANES dataset. Mote: Graph truncated
at 1000 nmol/L DAP concentration. which is about the 97th percentile.
Red line produced with a LOESS smoothing function in the R
programming language (R Core Team, 2014).

{Bliddal et al. 2014, Sandiaja et al. 2013, Neggers et al. 2003,
Burkhalter and Hillman 2011, Anjos et al. 2013).

Another issue is that PON1, an enzyme that detoxifics some
OP insecticides and that could therefore play an important role
in mediating their toxic effects, may influence health outcomes
independently of #ts effects on bivavailable OP levels—{for
example, through an antioxidant mechanism {Macharia et al.
2014). PON1 activity has a myriad of endogenous and envi-
ronmental influences, including diet and lifestyle, as well as
genetic determinants (Aviram and Vaya 2013, Schrader and
Rimbach 2011). Thus, PONI activity level could also con-
found apparent associations between DAP levels and health
outcomes through a DAP-independent pathway.

In summary, numerous environmental and endogepous
factors can affect birth outcomes and neurodevelopment, and
many of these factors—including PON1 activity levels—may

1000
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{nmole/l)
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Body Mass Index

Tigure 2. Urinary DAP (nmol/L) versus BMI for children (<019 years
of age) in the 2007-2008 NHANES dataset. Note: Graph truncated at
1000 amol/L. DAP concentration, which is about the 97th percentile. Red
line produced with & LOESS smoothing function in the R programming
langnage (R Core Team. 2014).
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also influence OP internal dose and DAP levels, thereby lead-
ing to confounding. Selection bias may also occur if these
factors influence study participation or completion rates. The
full scope of determinants of OF and DAP exposure levels and
of birth and newrodevelopmental outcomes is not known, and
potentially vast. Even if statistical models adjust for several
behavioral factors, residual confounding may occur due to
omission of important variables or imprecise classification of
those that are included.

Review of epidemiologic studies
Birth cutcomes

Eleven studies in seven birth cohorts have investigated
associations between OP metabolites and birth outcomes
{Barr et al. 2010, Berkowitz et al. 2004, Eskenazi et al. 2004,
Harley et al. 2011, Perera et al. 2003, Rauch et al. 2012, Wang
et al. 2012, Whyatt et al. 2005, Whyatt et al. 2004, Wickerham
et al. 2012, Wollf et al. 2007) (Table 1). All studies evaluated
OP or OP metabolite levels in maternal prenatal or perinatal
biospecimens and/or nmbilical cord blood, in relation to stan-
dard measures of size and gestational age at birth ascertained
from medical records, a computerized hospital perinatal data-
base, and/or hospital delivery logs. Table 2 summarizes the
analyses in the studies evaluating birth outcomes.

Columbia Center for Children’s Environment and Health

The first study, based at the Columbia Center for Children’s
Environment and Health (CCCEH), followed healthy, non-
smoking, pregnant Dominican and African American women
who had lived for at least one year in northern Manhattan or

through delivery (Table 1) (Perera et al. 2003, Whyatt et al.
2005, Whyatt et al. 2004). Study enroliment took place between
1998 and 2006. Chlorpyrifos, diazinon, and other pesticides
were measured in maternal plasma samples collected within
two days posipartum and in umbilical cord blood collected
at delivery. Over the study period, average OP insecticide
metabolite concentrations progressively declined. The mean
concentration of chlorpyrifos was 7.1 pg/g in maternal plasma
and 7.6 pg/g in cord plasma in an carlier study (Perera et al.
2003), but fell to 3.9 pg/g (standard deviation [SD}=4.8) in

extended enrollment (Whyatt et al. 2005). o the latter study,
the mean concentration of diazinon was 1.3 pgfg (SD=1.8)
in maternal plasma and 1.2 pg/g (5D = 1.4) in cord plasma.
OP insecticide levels were also measured in personal ambient
air samples collected by mothers, who were asked to wear a
backpack air sampling pump duoring the day and to place the
monitor near the bed at night for two consecutive days dur-
ing the third trimester of pregnancy. Mean air concentrations
were 14.3 ng/m® (8D = 30.7) for chlorpyrifos and 99.5 ng/m’

In multivariate adjusted linear regression models based on
263 mother-newborn pairs and with natural logarithm (In)-
transformed outcomes, maternal perinatal plasma chlorpyri-
fos levels (pg/g) were significantly inversely associated with
birth weight (beta= —0.04 In-g. 2=0.01) and birth length
(beta =

BIGMTE

ED_002519_00011282-00007




338 R. Reiss et al.

23e0k 7116 e Surdewn

SOTGRUASIT DTS Fera ULuLb am

~TL ,C‘G«S:Cwupzﬂuw.r* s

pessosse LSojoydiow ureig

SIB3K f

1B pajofd dioo

uenond) sousS[ent] ojeas
[IL IOF pRUIGUIOs “Kapuy
peods Butssoonl g pur xopuf
KIouwopy] Sumpop xopuy
Guruoseoyf Tenidooseg ‘xopul
oTsTayxdiio ]y [BQIOA )
GODIPY Y ULIpIiD o]
105 S0UT TeIUY IO[SYOIA

pue sreak §1-9 sofe X

ISIRYT JOTARYRE PITD

SUIIOW §¢ 38 Poia] dwoo ‘s 28

POIUSTIO-HOHIPST 1 SIOPIOSHT

JoIte Y fo jprunpy feous posy

PR DUSOUSVI] PUE *82J008

SUTZIRUIOIXG PUR SUIZI{RILIONT
SOIGOS J[ROS SICIPULS
Fuipupour *sreok ¢—¢' 1 so8e
H03 18HR00Y Ty J0TARYAY PIIYD
SYIIOUI g¢ puw

$7 ‘71 1B PIISISTUTUIPE ‘(Xapuj

juswdojeas] JOOUWoLAS Y puw
xopuf pmemdo[asag [RIuf)
xGTHpH pug uswdoresag]
1eguy Jo sefeos Lopleq
KIoATIop SULMOY[0] SPI0VGL
BOTDOL S UL pue | SIayiow
WY POUIBIGO $O051IBI0R
udard pue

e K0T

AIRATIOP P
UOTRILIIUT $51000100 YT

{5007 "1 10 uelym)
N onfeAa-4 JHOJ.O = HOUIZeIp
000 = J (1T°0 = sopukdiopyo

JO STeAd] JIB JeLID)eU pUe MWMC/M.T\

JRULLGIRU IOY OTE[3.LKLD upieresd N

{S00T 12 10 WAL 10005 J

‘69°0 = USUIZRIP H{COOT 'IP 16 NeALAL)

= 6170 PUB (00T T8 10
= sojrikdIopd

1000
BIDIS) TO0°0 > o ‘970
10 spasaf muaseyd pano pup

[BUISIELI JO] LoTivjerioo uvtiieads
LEPY 66 = (IS I BROUL U0uTZR]
LOEFeFl =08

= upout sojkdinyny

{g00T 30 uE

= (S 1 Weo

3 JIPAY AL OULZRIL
CSELE=S
CoOz B IR ,Lm».frf SOY :EEEU

- deoux

s a paon Eu%.n:::

= Qm I UEew

8y e e={s F urewd
e 18 nekupm) 5%&2.:%5
SIGBIONIAD 986 7L = UPIL

2 19 RIS moﬁ»ﬁ oE

IO RO
pangs Suninp

aarenIonsand)

M jenuue puv

Swoy 3

(7007) fouss
01100101 [RIUSTILONAL "§' [} U3 £q
porEfnoTEo (TOTZEIP o) wo,mia.aEu 0]
1-g) szoyoey Louoiod aarje(ar Jo onel
B0 Paseq $]oA] sojAdc

01 sjeas)
goaﬁm__ﬁ SuIsatnd &g pRUIGEIos
UOMZRIp pue sojuAdionysy

AKoneu8azd

Jo seysewnn pany Sunmp 1980 18 pag

ABal UQUU?— pue w\mmﬁ SAQUIIBUOD 7 I0]

[
SINGY QDHE\AMU MECDU TG JOTUONE

e jeuossed Yiim pOInSEe (Seponsod

AIoM SJIAD] PIOD UDYM S

PIST AJ2Ah Son[BA [BUIIEL

ISALIP 38
eseid pIoo [ROIGUIR pue

QB[00 B ﬁmia

TIOJBI UT POINSEIIN (SO
FOUI0 PUR) HOUIZRIp pue AELE

© Eu

snsodye ToqenIpiy

onewnge ofjAadted culoqre
Tewward mo] pue sinsodxo oS
000RGO] [PIUDWITIONATD [Ryenaad
28] Z@(,.E Wil RIP[IYS 0}
PRIOLISaT Moy (7107) TE 18
" .QS.BESM fe2k-/ 10 Q1BL

UOTIIRISE 9, 78Q *dn- -AMOT]0] Jedk-¢

18 D1BY BOTUSINT 968

TGO o se

uotiedwnyed 9,07 Yim pafjonre
07y, 88

0} JO 251 JaLmd

syted pro-19 ot

JIOT]]T IO 000

10 ‘ATH umouy ‘Torsimlidiy

Foxd

‘SAIGRIP 100 i
IO Y20 IO B

£30j000ulS pue

0/41 JO OUD I PIIOISTEIT W0
MON XUIF U3noS IO ‘Woyey
Ay W
AKoveuford ciojoq 2ok [ = X
PIsal ‘siesh ge-gt pes

USToM TEOLISITy-URoLTY

TEnusD ‘SiySop uedu

A

Kol

swak 71—/ 358

01 dn gop7-8661 pure UESTUTNO 1eudorg

LIOYOD
g
sanoedsoig

M2

SOIRIS
PO} WX
KD Jiox moN

GOLIOH ; 1107}
‘ew wmm\ycd
(ZT07 "T10

‘GOOT) e e

WiesH yney (600t

,uﬁocumc.:. AGH %OGN;V .T« 1@

x0F neAUM (20070
QﬂGEOU .ﬁm R eRd

JAUIY

JOBUISIAFEL SUIDDINY

QLSS 2SSy vﬁifﬁr&mm

s1Ep Apnig spoefgns £puig

OoneseT|

QUILY ApMg (s)eoucdfey

¢1/0T/L0 U0 UtBUjO] e

‘SIoYFeTIon] apIonoasut snroydsoydouedio Jo sOIpmIs o

"Ajuo osnt Jeuostad 10

Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

T3oforuapids Jo UTISa(] "1 S1QEL

ED_002519_00011282-00008



539

Low-level OP insectide exposures

ectide exposures

5

evel OF ir

BOI Low-

{ perunuo’)

334419G
STULUIPE (81804 G~/ oF
JU) UOUIPH Ui WOIPIIYD O]

ISUOOM 1O 1183

T passasy

12 POIeISTOTUIDE ¢

yusmdojesacy 1

surunEar 8ount (700" —0)
127 “IIOWU (§7-0) 8'8T I
QUILNEI 310t (1£0° 7

pue FuudofsAs(] (2o

aneffuoyd 1
nonpy pug Juswde)]eas(y

POISISIIIGINY SATeUN

POO[Y PIOD ¥
pUE POOTQ [VUISIETI JOISOWILI-PAT
QU]
jsutede parnse) KALOR

SERIOISAUIDG

)SS% INOd nwmaﬁ jiie]

{sisyjour

'C)

QIRONE-583( pur Lafunok

hE du-mO[0] J3a0[) JESR)X
10 ‘eouspIser o jeidsoy Jo
o8ueyo ‘sustwioads Terensid

Jo yoel woejop jeiruafucs

L1} PI BuLmp

‘Graniewaid ‘sooneogduns
feorpaw 01 20p 644 10 (%91}
¢/ Suipnjoxe 1oy siskjrue Ul
POpn[oUl Q1
051 o syuedope

nsonb [prenesy

i ? o

; wemrom S[GIEL s
ToysoTyAIAI NG

(o oy
[CAXS

2 v H{uone1sed o syosm

F00¢°7 >
QI2A2S IO UOTIBLLIOIB UL

Liking poe -

TE >0 ¥ Amamyenond
vbﬁ:

P3e par

e ﬁﬁuwgow Yt sjueiur

u,%.,E W‘mwm%kuamm P68 Y10t (£06'F-0) £'Tr SIWA oo [NOd pT \:‘E Fuipmoa twene(dod ueqm

7 1o 181897 AQ pICD[Rsap QUL FOW (901 7-() INOd " INOd T INOd oruyia-tijnw e up ‘s§nip 1e8a(yr
SLOISTD (3498 PO G488 “TIOWI (£26°-0) 6L SEVTT SIS} Surst 10 Aep 1od 99879459
S[qEINAIBP %5 0T HRST-E'0 ) RIS SULIP PAIOS[00 QULIN [RULIIEE Toyoary 7« Surmnstos jou

T YO

31 ¢ o) UonoeIop Jo

sumnear 8481 (458
ST

et

L9 1) 9L AdOL @
L00T
z «>5%3m,

pozuainduwos 1,&35 Eod 1239 HIOM FO0T B30
0 KIOAT[OP ouLIn Teleaxd
103 oFuer L40, 10F MO& VRIPOIA

PIUTBIGO SOTISTIINEN ?4: IR UT ( SIAYIO

P UOTRUIIOIUL SNAO0ING Yy

¢1/0T/L0 U0 UtBUjO] e

UI parasestts (oeydsoydoTyipiAy;er

1) pue ‘oregdsoydonjiyiem
ydsoydiAgarm
somydsondonysr

*oyeydsoydiiy
SAOGRISIE JY(E XIS pue VAW AdDL

‘wonjestjdwos Aouruford

SROLIBS JO ISLISIP UMDQ.LH_U

SUOTISS INOLIIM "ToNeIss

FH

Yiewmp J0 syeem g7 = 1w Sonvndord

pue ‘eieydsoydotpifiswp uoyo 8IS B iln v5e0 Teleusid 310400
ST (SN sreak g—g oge uroiuo vewom JuruSord Bakiee]
o1 da 10078661 snotedinid oannoesuoy  sandedsoig

"Ajuo osnt Jeuostad 10
Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

S3IEIG
PRI} “HIOL
MEN A 0K MmN

Apmig 130400
JUBUILIOLANE

S.BAIPTRID

BUIS WO

T10T 23
R (L00T)
730 JIOM
(L007) e R
193U (00T
._ﬁ 3 Z A.,w)ﬁ,vﬂ@m

ED_002519_00011282-00009



s1eaf £ B pOIoIsT
3 VWSIP)TT JOF
ST IO ISTSUIBA

T

ok ¢ pu
7 PUE SUILHOWL 7] PUP 9~ 030 LIPS

G S,
surrorneuoydAsd Ag par Bl

(AIGIQOROSIP PR AANDR

Sl puw “LIGAT[ID JoLJE Yoom T~

‘TOTeISoR o syeam [T-Q7~ LO 181808

10 SO

-C 1~ 12 SASTATIIUY

{uoyvored

ASBUOXOR vr. \A:Z jov

SNOBILHO.) G

] SISUTBOD

e (o1eioovIAuoud suede
70k se QUILZY puie (3183130 M»T Yo uvkwmu

>
&

3I0S T ATIOR SSBIDISTIAIR ) Amueab surdzus
I® PI3ISIUTIUPE 3821g1S ¢ 1

h g 107 pa3se) sajdiues poojq
Honue)E Je e ASdHN NO« } pRIS91 59 14

PIUS IUOW-H7 PUE *PIOO JEOIIGLIR
s1e3k ¢ puw SO § 38 (67116 Kroagpep-sad jeueipw 00
.m.i 7 Saayio >n Ay Tw i3iaal

INOJ 103 padijoued suewiroads
(soreos Joplosip [eetudoiasap

7L SRk ¢ IR (L =T T8) TR PO PIILO PUB ‘PIOs ‘TRUIsy

TN $7 17 {9'GG~

oarseatad pie (R ‘OWOIPULs

. o P rusepd
swsjqoid wonuene) swak g6 ]

OO OTERE DI SYIwOW 71 18 (6°8€ 8°27) 67T JPDOIQ PIOO [eRTIqIn uE pur L1eay[ep

se8p oy

SUITOT § 18 (R°L7-'07) 86T SAWA  ajop 19q pue Souendoid SULInD MOTAIONIT
STe04 ¢ PUR C°E T P SYIIONI §

PUosas 18 Ue] mgﬂmm?@ PQoIq TeuI3ietn

potsed ¢
¥e pOtIaC 976 UI POINSBAT sseralsautjoyi{iing
nonoafo-a6d pur ‘ermpiyne e

PUP 280I31SUNOY S

|AGTS \)uowmhawup Rl AS Rzl 0
(9411 > U 3]qQr10032P) 9[0T

JOAVUGINSESIL (3T Safuojjege B
SUIUOW § 17 (€'76-9'6E) 7S -¢-[Adoxdost-1-0x

(s1e0k ¢ puE ¢'¢ 18) sanRIBo0 puw

TEUOTIOWR TEatsAyd ¢

T0S SISt

Q0T
PITD G ({70 %56 ) GRSUI OLOATUOSS ~[Adoudnst-7 suprurddAuyiau-g

‘auip LI ALY 0P Ay-0- 1AL 3otI-4

TOISISTHTIPE [0, i} :‘r\wzbﬁbv

TFISA {3 snoAEU DMOOOINY

B rereuasd (1 LB N -Kx0IpAY-p-ouTiie[Aylerp-7 osfe ‘K301
e feseussd {1796 £404 AN VAN SN 38 paI0al[00
‘g 1B DOIRISTE (so0tpuy i I . W
JUSUAO[IAS(] JOIHUOUILS] reuod (675 van - ‘ogf_arw A?(:: " : S oo
PR SWdOTOASE IR ‘ -sod (ggg-gy g CHoduIoypads-aponsad naseg 2 Jo £30s0195 YENOI( pamOjj0) 10z Ew
worpg pug woadojorog ‘ryensd 8@; 7 {(T/OuN) S (st [papodar Sjgeuea] gec~ oqrdne BOIV-S0 1)
KIsAT]2D st peuIquIos ) sjeydsoydonipiAyserp 017 30 syuedorired (9,7°¢6) 109 ‘T107) B R

JTe J0o SolR0s Aojeq

-1s0d (18 T7-C) 60T pue ‘oregdsoydonjiyiem pepndod IONIoMULI ‘QUonT et (1107

@ 1eise] &g pedofoasp sxisup (1860~} To1 Ecis/ sqNG ‘oypdsoudidqiat {STINC 52 ~a0f ‘oune | AfLewnd v (SODVINVHD e R prepuey

U238 L ‘Shep 79 9I0Joq 10 38 K1sanap nuos) seydsoydonympiiyenp Jendsoy £1Unos s\ IE LATED o} mm::mm o o107

wm PRISSIUILPY 5]E0 OISy -350d (19817~} 77T ‘iPvnsd pur wwydsoydonpsysup Sopwed -1 0] opiEne U  pue .? EERS B o)

2 [prOLARMAE [PIEUOSN UO3[eZRIG ($$8°9-0T) GET {LIOW} SEV(T 03By SOy d[ALISTIID [SMATATSIUL ‘Suryeads-yswedg o -ysiug SISO JO ((so0z) B R

B SpI0oOT TesTpauT pi sBaf {6noT Je PRISA([e0 SeULIn Jods Pl TOTIEISIE JO SY0M (7 > 1 o180 woyoo 531815 1UDTUSSISY gunox Q107

M Araatop (endsoy wios poaumqe e 10 BUNeR HOGT e 10 wEeueNs) PUB TRRISIEUL UL af 4 o8e reserand Bursons ‘sreed g ilsy) DO} “BULIOIIE)) YI[es] ot 00T BO0T)
o BOIEULICINT SOWIOOINO YIiyg SULIT [PULIDIBIL 0T ,dz:;\. URIPIN SOUTOGBIW IV XIS 01 da jeaT-6661 poBe uowom jueuBory  sanoedsoig KafjEp seULRY 0] 3330873 [P 30 IZRUINSY
JUOWISIARIE JUWIOSIC)  SUOTIRIU20UG) 2Isodxg JuITESSOssE 3ansodyy sopwep Apnig spalgns Apmig usisep Apnig TONEss | oIy Apmig (swousmey

- *

i (ponunuo]) 1 OIARL

"Ajuo osnt Jeuostad 10

¢1/07/40 U0 TuRMo] TeY Aq WO 2JEST{EORILIOJUT WIOI] POPEOUMO(] ASOJOOTXO ], U SMOTAY [EOHIID)

ED_002519_00011282-00010



541

Low-level OP insectide exposures

ectide exposures

5

evel OF ir

BOI Low-

m

ORUNUOCY)

s8reyosip (pudsoy o) JoLid

SPUICORI [2OIPOUL LG PLUTRIGO
sonsLeRIRe Sourusand pue
HOLBILIONX
(smayoes

12 poreidunos)

a1, pue (sjussed Aq suwoy

JOTABYSG P
ooustmiolied jeiomarysg

1E9TA PHOOSY

sod Jou 3t

IO {OOL0S 17 2_ o £q payepduaoo
A PUR V190, SUD[RA [RIE, PUE
‘1501, BUNIOE PIe)) UISUOISIAL
MEIA 8 SEEU LG
P PAEYL HO 1o
afeag BouRBI[OIU] JAISUOSM

!ﬁﬁu S/ Ao

:.4
]

JIOGS BODTY

Bursn

DOS5ITER SDUBULIOT Tad u\wﬂquOJ

17{) == GINXIS PGS PUE [RUISTEL UL
LR
£ 1400070

= (4O ‘efuer)
= (IS 7 Weow

SOJLIAdIONO JOY GHURTEIING 81108

%879 (8/30) wnies

pa0a Jroriquun ul sojuldiny)y
Fa%. (~L000°0
= (%01

“ofer) WP 2870 T m; =8
Q[gRIDRIP %86 (5/8u)

REDIEE 01 sojukdmy)

TouBsu

{SJV{I S1UPI0AIBPLN PRY €7
PUE SJQEINBIED PEY USIPIIED §T
‘ardures eunn SuTioosos BIS U0 UT)

dnoig youws

PIORS WIR 100 > of
“{£9-9¢) 6 == dnosd pasodyoun

TIOL] IOIIR0
4y oo 3

AemdLio Ul uesul {GE1-€8)

oﬂ = dnoig pesodxe Ajfeumiduo ut

1) sgvqr Lmnnia (10 %56 UBOIN

S[EINAP %ONT (88 ¢F =10 %56)
"G == SULIA PO UL
YA[AYeuID (OS I W

¢1/0T/L0 U0 UtBUjO] e

F T U PRIRSESI 9?

HEOIESQO 2I0JOG SI18YIED JOPPElq DUR
1

SAGUSARLUT JO 103 MD <

3

POUTEIGO POD(H [PUISIEL U PRINse
sapistsad 1510 pue sofusdiop)

syuased

il SUIOY I8 MOIIAIBIUT PaInIonayg

/34 ¢7 = uonomiep
3o g assmof ‘oreydsoydorgpryien

ue ‘eydsoydon)pAyie

swydsoydifyzen
‘peydsoydonTpiiyietp
syeydsoydonAyeuip

‘oreydsoydifyieniy nuet

aanmBoo a4 Jo Aep oUl UG PIIYS Lo
O PR10o]ion ofdiies ouLIn Proa-181y

JNSEOUT 9 BIOW JV(I XIS

Sial

o

ur pos

sa0.00 Surssaoord o aup papnioKe
sopdures pooi pIoS TEIqUIR

PUE DOCY [PUIOIRG ¢ ‘S[PONBALD

UTIOTATD JO WSTOGRIA
s edapieynl Affenaend pinos

Je] suoneD: jhis %Cmmm o

Kraatjop oanerdo jo ot I8

T J0 armding 10 J0Ge] 10

=)

il ] J? Wiy =

v139% jo ﬁom\s \N =)

L1032 LG

UPDIBEID SATIOS UE JOT PO[NPAos

s wﬁQTWEDCd ~UOU puy

KouruBoud nowiSui A8 GO
YK O1 $O07-E007 0CT o uaﬂam SOUBTUSALO))
uenrads

QUL [BUISLIO O UT SOJOGEIOUT
apwensed seydsoydoueiic

Axvunin 3o (g7 =
0 {(gy=
paseq APus Loy J0f Pk

SOTISYY N} UG

pue ».JJ,« cﬂﬂuuu.ﬁuw op1Y

ﬂ?a,ﬂ

fonred ﬁu notassd

U LU0 {3IEe

QL) URIPTLRIO0UDS

"Ajuo osnt Jeuostad 10

110100
Yug
satioadsord

Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

‘KIUnoy

seRls PRIy
BUOLLLY

Ty BUINE

Aeaing

2pIonsad BAIPTHD

107

200T

‘e sxey

TPIBZI]

ED_002519_00011282-00011



o
9

SPIOCSI
TEOTPOUT MEEE puE  SIOUIGHT

UG} patrielqo s Aopreyd

AIaagep pue ‘»usm:s oxd pure
OB IO SAUBIINO YL

REETN SNOLAS I

Ein
Suryer ApmnBal o HaY ©

ruiL ousoulep Funsow
P dHAVY

GLIRD UCTIROTDOL (JHEY

sz Aprs Ul pauno

GOTRUNITEXD ﬁﬁu?% JojJe sHadM

€7 IBHEIBMED I0HI008 3D IS0

S I MBTALSIIL @ﬁOLQQM@H ' 03

Poseq ‘UOUIRT 1IN0 SIFPIOSKT
I [0 JONUDIAT JOIUSUDIS D
SOYT TIOL] BLISED PRYEPGI

z_l ﬂ U0 PISEQ AT U q ué

TO POSE possossy umm% msow»u.a
ut sedAiqns (THOY PUs GHOY

(E5" 60

,q.ml\,.a FQEWORP BTE'E
9 Emo;ron AR
£BI-E5Y EETER
—£¥0) §p'6 owydsondongifgeng
F9I-€l's
aydseydifuery

(O 8T~ Qm. 0'ETI-950)
[ Eugm oudonidy EEQ
<< NA w88

EQM_EE%%@E&E
(BuranEsI

8/81) suom peyeusd
(a0 pus

3yetn L

Jetitaien 3] ) TIBOUT OL. TIIVIOVLy

IO B]( BTN
RIODIEPULL A[RIONEP % e 'S

asneoaq YN eydsoydonmpluyier(
TI-90C ey
1£'9:

1€ 1-01qeIosiopun)
seydsoydonpAyeng
(L1 11-65°€ '69°601
GEI0ARPUN) €9 sy dsoydjApetg
(BOOT-E57E 6960 T-R[PI0013D)
10°8 erydsoydonpdyoungg

(0L E6~T0"L (ST 69T—PIqeI0N0pIn)
6141 yeudsoydifpieung
/8tl) ouman peyeucad [Purojetn

o

up (3] pue 9BURL) UPSIL LOGILIOST)

{€0-€0 9e~
peydsoydory

OIS0
R

(I'82-6'0 ‘TO6S—~F0) L'y
seydsoyd; xﬁoﬁﬂ

(£ L-+0 900L-€0) LT
oreydsoydoniprAReuE
(89661 676660 L'€1
areydsoydopgAgegg
(U6e-8C

Y £0T oveydsoydiQgewng

(0 68-1°C 5066800 0711 848U
(LOET-T0T “890°01-5") € TF 'SdNQ
(098 T-++2 *S61°01-0'9) €89 SV

K¢ (oM ;_ JULIn PIIUD

ut (O] pue ofuel) WeoUl SLNSHGOD

AoupuSesd SULInD POIONPUOY MOTAIONI]

QIDAGY JO 92 SILRIUT ol [Suis
yio feak Su @E,&a Qu ur
30 08110 STV

ronedAy ‘sopagem

azeydsoydorgpiiyenp
sBnap 28
JATH OIS

Sunstxo-axd Jo puoTR;fed

pue ‘appydsoydou)pfyimp

ot

isoydifuserp

‘areydsoydoryidyowp

‘ayeqdsoy dpAyiowp LIOge] JO 198UC G YR “S[RiTdsoy STHeIsae 110100
24} 18 poId ofew om) Jo eno Supusie smwal It
U POIUSEOUE $330OAPIONL JV] 9A YLIK O1 £007-9007 Cp~g 1 Py uetom 1 saroadsord

BIEp 91RURA00 Bur

*SUOTENTIOOUOD

SV Areunin 1o .\wE
05T

Ewﬂ%

LI LA SO pUE 0180 Alssinn
anzewieid Jo [JOIN PRATO0ST
OYM U3IPTIHY DIPUROXD Jaym]
HOOT-E00T Ur ever Surdums 9, e
DU ZO0C-000T U1 seek 171
398 30§ 9,¢¢ pue s1eak (19

04 538 107
S, WIOPUOASaT TT Paonpuos MaTAIT] 7 Sudies 906 G0 Poseq (9L5)
{sqia 18Y°Y 1] SGUIAT PIEP SHOGEI

4V Smunn ‘syuedoned 8366°¢

St ) setdsoydon3piAgst

W passesse (H(Y wonemdod

'S TR0
96 0} ‘sdnorBqns UIeLo Io

pue ‘gegdsoydony
ydsoudiAgiep (sqing se
POTIQILGD )} o Emwcsmcﬁﬁﬂhﬁuﬁ%

3 o1f1 Jo sanejupsesdar

‘ot :%233:6? SN0 Apwis

QIO ¥ sunummieye Jrowsiyd paoaas sxeek §{~g pede uaIp(mn

uump peofos sedwes otmin jods forasy
POOT-G00T

TOQIITISTI-UOT TIOH By Teuonaes

UL DaINSBILU SAOGRISTI V(T XIS Aaains Uieay pasuq-rone Oﬁw -SS0.T

BUL) “TEYEURYS = (1107) e 19 Bumpm

+00T-000T
{SANVHN)
Asnrng
Ccﬁﬁamzumzm
OULANN PUE (6107}

SOIEIS PAITUN i[esH] [PuoTeN e 13 preysnog

JOBUISIAFEL SUIDDINY

/Fn GROUSOIGD sinsody:

sjoafgns 4

m

TUOILISSIsse orasedyy sapep Apnig

OO | QUILY ApMg ( wvmu:@.a.ﬁm

¢1/0T/L0 U0 UtBUjO] e

"Ajuo osnt Jeuostad 10
Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

{(panuruoyy) | 21Qe

ED_002519_00011282-00012



543

Low-level OP insectide exposures

ectide exposures

5

evel OF ir

BOI Low-

m

ORUNUOCY)

BUSTLISGE/3324S

pue AcrwoedAy Sonoiodi
‘SOXS] 01 ROLIOLUNIASE ‘SOXBYOL

gdo-tou ASmye) KRk

b Touniexs

wads JOY Pasl

TORENERI-]as [RSNoIe ‘o

{(porepduno squing
01 9P PAIIIUG) DOORTIEY

ISUGTSTOUID ¢ 1 LT = 95uex

QUG PalojsTlIpe Ajesy

RIOTABUSGOITON ROAIN (1IN

(g =N L1oAtjep

12 UOTIBTTHEXS pIeffed Jo (/= A7)
pUROSEIN YO Paseq Jo polisd
wu JISUSUI SB[ JO 91Ep papodal

3OO E.:u.ﬂ paejasien

91 [EOIPST
Stom g

JOTABLRq [EID0S PuE

pucsiad pue ‘Joraryoq ofendue|
Sotarysq asndepr Jowegeg
sojou [ Furunnsuny Jo ssuoedsies

UTe o3 BT UIsh 109U ﬂa\wuﬁ

eSS P

1eoTSojosnen

ABMLAS O} POISISIN

GRIPTIYD PIO-IRak-¢ 03 -
seyupayeg feinswdolors(y [jesen

(oW (g1 ¢) onuaniad

Yigg 01 (ieunm ¢U67) g_sﬁooﬁm
HIS T & SV U S8EI0UL PID-()

,o [Sreny h.:wv €

{T 10T 7 Ie woney)

{J/owWn) ouLIn

ereuesd pruieient m (F01) BeIpen
0L 65T Y1 eL-80°1)

ReHAIREY saoﬁﬁﬁiﬁuﬁﬂ

wuo clof q

ad : 96 (. 2TRUC oydikiparg
TUEL-60'C '0S 1878071

669 oyetdsoydoniAgewg
(COVT-68y LT 6UL

~€6 1 LTI @.m.ﬁ_%:_a S
J(ouugrorn 8/81) cunn piyo

o (YOI puE 33URL) GRS DLIOLOL)

>3 >
08°E-07T 5>) P1qEIONID 24T
QsTR0g YN 191BY :an? HpLAIRN
(G0 L~0 1> 0rss—0TL >
eT'¢e “Emsamonmﬁﬁiﬁﬁﬂ
> 61T
:E%AEQTEKE
(€9 1-0"T > 11808
961 eydsoydordypengy
(Ire-07
219D JO I
ey
{8 sun pige

=)

66'98 1-[1ous
0’7 >0 757 eeydsoyd

ut (MO pur 0BUEY) WESIL O110W000

¢1/0T/L0 U0 UtBUjO] e

(seam g~} ATRAT[Op

T

b&munar 10 SHOIM a7~

2]J8 pUE
KompuBard 8

BULIND SAMSTAII}I]

O rnod v Y Nod
a1 pediioues pooig paos [eiquIn
(sana

|2 DAt

o) eredsoydoryiipAyep

pue ‘appydsoydou)pfyimp
(SN e
uod) sjpydsoydonipidyewip

‘sreydsoydiyiep

Sy
vra syeydsoydonAyeuip

&

o dpAyewp (AIOATEp JO

SABOY $7 U

1A PUE {SISATRUR IDT
9B enAr) UOTIRISAT wc SYOIM GZ~ P
G~ 18 PI300f[os

UL painsesty

2

1 jods TeTIeIEIl
on BISTH (VT XIS

Bl

SIOUIOLE LIlM DIIONPUOT MOITATINUY

(3
o ) aeydsoydorgipiAgiem

ue ppydsoydoyfymp
‘aeydsoudiyetp (s =
POUIqIo0 ) 3By wcrEEEu» :n;c%
‘arepydsoudiAuomp JauIsSS

1O Aew QY3 UO PEIdfjoo suLIn jods

UL PAIUSEIU S3JGDERIDOL JYVf 94

"Ajuo osnt Jeuostad 10
Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

S¥oIMm ¢~ ofe

81 dn §oOZ-£00T

8007

[givkic

PIMCTO] ¢ ‘SUTA JO

K322 GBN0IH PeMdI[D] 6}
J0RFUl UORRSUIS (LIOG-3AT[ B JO
m .%moﬁ.. PRMOTTO] 68E

j0 swredopred
Se i hm, 89y ‘spwrean
uelepel o Adeogousye X

SUOTIEOIPAU INZIES 30 PYOIAG

BUIATE0DT JOU PUE “BAJE ORIOATD
AJ{EOTLUOTIGOR0TI0S B UL SOTBNCS

FupunoiIng oA Unpm Sutay

‘3anRSU-A T ‘woneised jo
SHIIM BT QL

23053 1T
oY B T SUAY ‘SonHD [eretosd
TRAGS J0 00 Surptiene sreak

971 = pefe notuom jueusorg

01¢ 30 soedoyied (957060 TGS

CHIaUISE:

5B {ERUSL ;CG»Q;C mnat

3U) 230 7dW0N 0] SJGE PUY JOAJ]

30 PIOY JUILINS B0 dwmuwmu

1RSI0 UCTIONIT [RIHRIORITT

DAY uﬁcﬁxf:: gotpune]

?_Osﬂmﬁ SRS SULIBIRRLL

ou i ‘sTestdsol AnInTos
OM1 I8 OIED LI[RRY JU20SA[opE
PUE PIRS §
-yoaye peorsAyd suinol Fumpaone

» syustandop e sdn

SO ¢7~¢7 Pafe waIpyD

LOYCD

g

sanoedsoig

SQILLS PAITUN

rUR() wyIuryg

SNy IBSH

(£100) ®
jiakiia g :.ic

‘Te 18 yoney

-

(Z107)
e 10 Sucponn

ED_002519_00011282-00013



e~
3
ey
W
.ﬂ\u
g
R
A
<r
<t
e

TSP §O
Auyrarg]

SQINDS JOINO PIPUITITIOIAT (6°9-¢°¢ ) {vonoaep

-Jozne fursn surpieplog ¢ > cereydsoydonp Ayt

IM0] 48ty o PozLH < 1eydsoyd{ ANy
rorargag prosnad 1wooxs so[eas (9 ¢—6"1 >) (UOTD3eP 0 1wif)
VOTSUSP [} JO WNS) SOTRO P &1 > e1R azzio Wity

8103 pue ‘Jotazy osold 10319p ,Ho :EE

‘surojqord read ‘vonmaneur

9y EL/:.E ] é:ﬁ
mm.«,mlm G1) 0757 SdHU

sAyanoerndly ‘stropgoid yonpuod
‘stondmds jrusnows 10§

;oY ¢ juopuodser

UL P3JONPUO0 A3ATNS PIOYOSTOE]

(8¢
Y oseydsoydorgpiiyen

SE PILIGLUC

pue ‘epydsoydnmfyiop
(S se

y eeydsoydonpidiewp

/

‘sreydsoydiyiep

el

‘oreydsoydongdysunp

‘apeydsoydiAgion SEHEHAR]

jeNity CQCCmQjT Asaxus JoosNoem T

SIGOEIS 9P
W (%661 06T ek 6/-9
pefe symedmonied Docaw Suoure

PN T

sIak

R

a 103G ¢ ‘sdnoslqns

0% BuIpnoul ‘aneronsond) ($'261-£°81) 029 SN VA 391120 UONEUTWRYS 2oL ure3en jo Sundumsisac yim
sennolyid puw syusag (¢ CLT~C¥E) 766 SAVA ¢ suonrunIeYe [porsAyd Suninp ‘Bundwes L1iegosd oes-nynu (C107)
Sy} Jo noRioA juered Suisn TOTE) POIOR[[OD SojdTes SULIN J04S UL SuISh Pojoo[es USIPIILD oK ¥igp [BUONI0 prEonog
possosse sueqosd {RIoTARYRg surm pHue Ut (HO1) HRIPOIA PRINSLOTI SOIOGRIAT JV(] XIS -$9GETY e Souno
70 (uonsaiep
JO G SO0 > %071 SOy
890 ;.%EE%
101U 0570 2> ‘%0707 [SOJOUIIE
oeep wc finsdisp) IDTIN0 [RLMNUT
SO0 > ‘%587 GAgeW-nonREy A1986) 1 pue eiep Sumssi il
$O'0 > (Honosap Jo ¢ papnjoxe e unnedisuied
W) SO0 > ‘%GT %EE.QOEE.%& 045G 66~ SIIAR] 2P TISd u‘oZ
¢1'¢ ‘{(uonooep PIOD [ROT[IQLUN PUE UOT}RISOS
IO 650 > é&m,mm RTEIA 10 SR [€ < 1B TI0G SYURjuL
0¢0 {upnsaep wited 91T isasPosy
30 W) 50 SOJOUC QijOgEIOE 46 A1RIPeay Jo
170 {uononep ‘seroueufesd pereotjduwos
I0MWAD) SO0 > ‘6L b SUOUTZe] SOJNGIO: PUR ‘sojounjosd nmmwnum.ﬁ QTUOR[D YilM 9501
2170 {uonearap GAgem-uenyered GAGe-tonieed WpRjOXe UoTRIsad jo sHoom
JOIBMI) SO0 > ‘e e 7 sojuikdiomDy CUOTYIB[PU ‘SOJOUOY “UGUTZRIP g¢ 12 prdsoy s8urs v wioly
0 xened W paurgo {rpuyBa) A1sagep ‘soJuAdIoTyD [LI0ATID 17 GINIOS PIOD paymaoal SouruBaid uoje)Bays LOYED
sonsueeleyo Aoueudord pie ¥ WNISS PIOO [ROIIQUIN UT [RG0o0d  [EST[IqUIn UI parnsesur {sepronsad Joyio ‘poeoridurooun ‘AYifesy e il fikate] (Z107)
TUOTBIHIOIUT SAWOM N0 1iIg 106 PUE ‘TRIPITU ‘D[qEI10330p ¢ puw) saproused dieydsoydouedio g YL ©1 5007 uswiom Juengord cATnoosue yﬁoo%@.ﬂ eunyD ‘Guetloyyz - T2 30 WBYIOYOTAL
JUANSFOFSL SUWOING SEonRnUsonos amsody, THOTESSISSe SInsedyy salep Apmis spoefgns £puig uBisep Apg HOREoC ey Apmg ?vmu:ﬁu.ﬁm
{ panuToD) 1 1QEL

¢1/0T/L0 U0 UtBUjO] e

"Ajuo osnt Jeuostad 10

Aq WO 2TLOYI[EOYETUIOTUT WIOI] pepeojumo(] ASO[0OIX0], U SMOTATY [ROTIID)

ED_002519_00011282-00014



545

Low-level OP insectide exposures

ectide exposures

5

evel OF ir

BOI Low-

1 aseuexoeyed FAO] FOUS

¢ KJof “TOTRIADD PIepels (7§ (HON-F NS
0 VT RALNG 200D JUOD Jopiosip Aationind Yy S3onen tONUONE (Y

oupLIAd- ¢-0JO[UILI-G S
i yO7 seydsoyd jAgeunp v @rudsoyd [Kyieip i soreydsoyd £
(jrenueisqns poSuei sonjea QoM LIOLOD BIGIUN[OS ou Jo] 1de0xs ‘110100 Apms Loes o,

4

[RJEW YT py ‘eBuey ofnre
U WO TIAOUS B8 PUE QUIT) JIAO A

"d «?&\ﬁ OU XN ﬁCﬂ DIBD SATSUSIUL [RIRUOIU /3TN UGN o \Axﬁnwh

qnd S[qe[ieAr 1881780 S} UI patiodal 278 TMOYS S3NYRA

‘smoneoTiqnd o7d 7 UonE

PET-9¥0 THET-¢00)

340 eydsoydonpidgoug
SEGI-C6T TTI0T
~Z€0) 8571, oreydsoydonpAuisicg

BHOT60

(Y STT-9E0) 6t oreudsoydiAnsi

(69 67-L0Y T6°S0E-0T0)
I ewydsoydomy ey
(T09-TL'6 #Iesy

=61°0) 201 emudsoudiAqaui 21qifTe £0¢ Jo symedpnad

{Summ e

(641°T%) 67 TOWdO[3ADPOINOT

garlyo
{4y pue <

.h_ ] J@@Iﬁ HVV. mCQwHOD@Qﬁ tasnads 1o J{es Jof u:.ﬂupdcnmw

LI [BIetR il Jelee iy Ut

ASISAPY UM T3IRIDOSSE SISPIGSID

) RS DLIRLUOAL 2
) HESLE DLASICAL il STORTL SUIPLDND OS[E

1 > oeydsoydonpiAneng s.adwo g Jo ‘erinuopjAueyd
SI-€T 0OEST
¢ emydsoydory

{nonneep Jo UOTIZPILIOT (RIS JO AI01STY
SISYIOTE YITA SMSTATONIT HosIad-uf

Aoy [BOTPILLL IO /
£ ‘909 1-funnomap (sgad puR ‘suone

oprudsoydi g sE peulqiues ) szegdsoydotgipiAyen SHOLIOS oyt KousaSad

oo Koupudord

OIS $8 POUIGUInD
—5CCHLET u:nuuﬁﬁ jul pue ‘sjeydsoydonyALerp QIOJOG SITLISTP OTUOAYD IS0
‘aeydsoudiyetp (s = 10 *0SeasIp esl] ‘uoouniodiy

‘st Jﬂumuw pue ‘so¥n mu.m

‘saraqerp ‘vorsusldiy

paurquuos ) syeydsoydorgdienp PIOL

gt e QpeydsoydiApenrp (peyosds ou oM Sesk ¢ <« 107 Sueduoys FRGITG]
A::mé st yeyrcexd pro o) sunen [preuosd fEngiEQ O s&ep ¢ o Burag Gendsoy 918u1s B woy Yug
UL ({0 pue 28Rl UBSTH SLASUIOO PRINSEOUT SIGOGRIAWE JV(T 2AL] 28e 01 71071102 EE:QE uetwosm ueuSord Ayeol sanoodsorg O ‘Quedusys - {$107) T8 1 Suvyz
SIOISOWILY 8313 [2 UT QULIN LM 17
Suppapour dc,:: PILIOTEL OISO
-PaL} pUE JUOTUSS siwoynisd
PIVYS Y3t SLIOLOS P pur
PUOSSS WO} pajiatl-of sitedonied
78 J0 {967 18T ‘sisoypisd 1o
- *saj0GRTP KNI 3O LKnsmy
Aq poopdiues jsay, cournuopeg 50 JURLEAL P Bur
STORUTUCT SIALUOT) saInzes 10 ‘Loupudad
‘SIRCRTD TRUCTEISY 23 3 ‘25eISIp Ly
symened £q pajapduieo o [Eer ¢ wroe-oxd SoweuSosd
sofeos Guney [eItoled—UIPID 5 1o swsouBerp ‘s3np
JO] EOISAS JUSIUSSESs Y IOIARYEE
spuored Aq powsiduos
{(uonips yip SIapIosy] jpruagy
fo jonuny poousuvIs pup UOTIALI0D M §7°( ‘Kitaeid
. 2 1o 2Tods JO] TGOTI00LI00 InoYIs
SE1ROS (THTY DIUIUIa’y 0= Aouguderd jo srasawin @ \.wﬁf SIUCGOUT-0)BISPOUL O - B UL LNAWNHTE
pue ‘wonuopen] Suasadug 112 UL SaAs] PRSPl (it Sio8iqns (81898 T1-9 SOTULD POTEL (R O Yendsoy prousd SIUBITXO,
7&statoniod Qg pue yopix (7 BUOw® UOTIPIa3I00 S s088) 1107-100T BOL A12870D 18 0 LoupuBoxd JUILLOIALG
KTATs[ndiug/ssoussa[soy [egO[sy (16 E~T60T0T-SSTIoL 1= (T SURIITYads —SO0T-100T Surmp pejjosue womom jreusosd 01 00TYRIN 1T
XOPUL (THV) POSIAN-30]BeS E o) ouLIn [eleuasd [PHIeIen ol {400 SULIR ProA FUTILIOW FalSSUILI)-pry) 000071661 10 shIoyoo pefjasue-Ajenuonbos COTYO sansodyg (+107)
Suneyy juered sowos  (MOIPYE 1D %56 OLIRTIGA) WIJETE O pRinsests L300 LE6TFE6T Qo ey sared prEo-IeLoA 1) GOTXORA ST Ale fe 32 A1IOQUOIog

"Ajuo osnt Jeuostad 10

¢1/07/40 U0 TuRMo] TeY Aq WO 2JEST{EORILIOJUT WIOI] POPEOUMO(] ASOJOOTXO ], U SMOTAY [EOHIID)

ED_002519_00011282-00015



Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

For personal use only.

346 R Reiss et al.

2003). The inverse association with birth weight was statisti-
cally significant among African Americans but not Domini-
cans, whereas the reverse race/ethnicity patiern was observed
for birth length. In subscquent analyses based on 314 mother-
newborn pairs, cord plasma chlorpyrifos levels (In-pg/g)
were also significantly inversely associated with birth weight
(beta=—42.6 g, 95% confidence interval [Cl]=—8L8,

— (.01}, but not head circomference (heta = — 0.01 cm, 95%
Cl=—0.13, 0.11) (Whyatt et al. 2004). Slightly stronger
inverse associations were observed with cord plasma chlo-
rpyrifos and diazinon levels combined, but diazinon itself was
not significantly associated with any of the three cutcomes.
Maternal prenatal personal air levels of chlorpyrifos, diazinon,
and both OPs combined also were not significantly associated
with any of the three birth outcomes. The inverse associations
between cord plasma chlorpyrifos and birth weight and length
were restricted to newhorns born before January1, 2001, when
the UL.S. EPA instituted regulations to phasc out residential use
of these insecticides; exposure levels were substantially lower
and no associations were detected in newborns born in 2001 or
fater. Similar findings were reported in a slightly larger group
of mother—newborn pairs with cord plasma measures of chilo-
rpyrifos and diazinon (Whyatt et al. 2005). Specifically, birth
weight was 67.3 glower (93% Cl= — 116.6, — 17.8), and birth

each one-unit (lo-pg/g) increase in cord plasma chlorpyrifos
among 237 newborns born before January 1, 2001, but no such
association was detected among 77 newborns born after that

beta for birth length = 0.07 cm, 95% Cl = — (.65, (.79).

Substantial strengths of the CCCEH study inchude the use
of objective, individually measured metabolites to characterize
exposure to OP insecticides (a strength of all studies discussed
in this review), the availability of information on numerous
potential confounders, and the prospective design, with mater-
nal interviews and personal air monitoring conducted during
the third rimester of pregnancy, prior to the health outcomes
of interest.

Some methodological himitations of the CCCEH study
should be noted. First, a single maternal blood sample was
collected from each subject at or shortly after delivery. Normal
fetal growth is approximately linear between 18 and 37 weeks
of gestation, after which it plateaus; thus, maternal plasma OP
levels at delivery may oot reflect levels in past weeks or months,
and may be etiologically irrelevant to fetal growth. Although
maternal air samples were obtained in the third trimester of
pregnancy, it is unksown whether a single sample collected
aver two days is representative of exposure at other time points.
Second, the number of participants was modest, especially
after stratification by race/ethnicity or birth date, resulting in
several statistically unstable estimates of association (1.c., wide
confidence bounds). Third, given the many potential influences
on chlorpyrifos and diazinon levels in peripheral blood and air,
as well as on birth outcomes, uncontrofled confounding by diet
and other factors may partially explain some of the observed
results. However, without detailed knowledge of established
predictors of chlorpyrifos and diazinon exposure and of birth
outcomes in this study population, the direction of potential

Crit Rev Toxicol, 2015; 45(7): 531-641

confounding is difficult to predict, and the magnitude is prob-
ably limited by the adjustment for several major influences on
birth outcomes. Fourth, because numerous hypotheses were
tested, at least some statistically significant associations are
expected duc to chance. Neither this study nor any other study
of birth outcomes described in this review made statistical cor-
rections for multiple comparisons. Although such corrections
arc not standard in traditional epidemiology, authors who do
not correct for multiple comparisons should report the number
and nature of all associations tested, how certain associations
were selected for reporting, and the probable effect of such
selection on the results (Rothman et al. 2012). As evidence
i other arcas of research, particularly genetic epidemiol-
ogy, numerous exploratory analyses almost inevitably lead
to false-positive results and recent methodological hiterature
includes several practical ways of dealing with this problem
(Wacholder et al. 2004, Sudmberg et al. 2008, Weitkunat et al.
2010, Wakefield 2007).

Finally, the completeness of follow-up from enrollment
through delivery was not reported, but if follow-up varied by
uncontrolled factors, such as diet, that might be associated
with maternal OP exposuore and birth outcomes, then an unpre-
dictable degree of sclection bias could have occurred. Cohort
participation rates also were not reported (but were stated as
70% in an carlier publication [Whyatt ¢t al. 2002]), and could
have been a source of a moderate degree of selection bias if
participation were related to OP exposure and birth outcomes.
{Participation bias 13 usually considered not to be a major con-
cern in prospective cohort studies, because outcomes occur
after cohort entry, but with relatively short-term follow-up, it
is conceivable that participation could be associated with risk
of adverse birth outcomes.)

In summary, results in the CCCEH cohort suggest an
inverse association of maternal perinatal plasma levels of
chlorpyrifos, but not diazinon, with birth weight and birth
length, but not with head circumference, in an wrban, low-
income, minority population. The observation of associations
only among newborns born before 2001, when exposure lev-
els were higher, suggests a possible exposure threshold below
which chlorpyrifos is not associated with birth outcomes. The
detection of certain associations only in African Americans
but not Dominicans, or vice versa, indicates that the observed
associations may be attributable to excessive stratification.
The lack of associations with maternal prenatal personal air
levels of chlorpyrifos and diazinon raises the guestion of
whether route of exposure is an effect modifier of associations
between OP exposure and birth ouicomes. Forthermore, the
different results for chlorpyrifos and diazinon suggest that OP
insecticides should be analyzed separately, not combined, with
respect to birth outcomes, although this approach raises the
probiem of multiple comparisons. Overall, the inconsistent
results by outcome, racial/ethnic group, and exposure metric
render the findings difficult to interpret, and do not provide
compelling evidence o support an adverse effect of chlorpyri-
fos or diazinon on fetal growth.

Mount Sinai Children’s Environmemal Cohort Study

Another birth cohort based in New York City, the Mount Sinai
Children’s Environmental Cohort Study (CECS), enrolled
BIOgMTH
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404 consecutive healthy, primiparous pregnant women with a
singleton pregnancy at =26 weeks of gestation in 1998-2001
(Table 1) (Berkowitz et al. 2004, Wolff et al. 2007). OP
metabolites, including TCPy (a metabolite of chlorpyrifos and
chiorpyrifos methyl), MDA {(a metabolite of malathion), and
six DAP metabolites were measured in maternal urine col-
lected during the third trimester. Median concentrations were
7.6 ug/l (below the limit of detection [LOD] of 11.0 ug/L)

MDA, 75.9 nmol/L (range = < 1-4 [LOD]-4987) for DAPs,
42.2 nmol/L (range = 1-4-4903) for DMPs, and 18.8 nmol/L

tion, five genctic polymorphisms (7928, L55M, C-909 G,
A-162 G, and C-108 Ty in the PONI gene, PON1 enzymatic
activity against phenyl acetate, and butyrylcholinesterase
(BChE) enzymatic activity against butyrylthiocholine were
assessed in the third-trimester maternal blood and umbili-
cal cord blood. PONI acts as a detoxifying enzyme for OP
metabolites, and higher-activity alleles (e.g., PONI ,, QQ
and PON! . CC) and higher enzyme levels are hypothesized
to protect against potential adverse health effects of OP expo-
sure. A recent paper has found that PONT activity with phenyl
acetate as a substrate may not be a reliable index of the quan-
tity of PON1 protein, because the hydrolysis of phenyl acetate
is not independent of genotype (McDaniel et al. 2014).

When maternal prepatal urinary TCPy concentration was
dichotomized at the LOD (11.0 pg/L). no significant associa-
tion was observed with birth weight, birth Jength, or head cir-
cumference after multivariate adjusiment, based on 387 sub-
jects (Table 2) (Berkowitz et al. 2004). Morcover, none of the
three birth outcomes differed significantly by the presence of
maternal prenatal urinary TCPy within strata of low, medium,
or high maternal PON1 activity. Log, -transformed concentra-
tion of maternal prenatal urinary DAPs, with or without crea-
tinine adjustment, was not significantly associated with birth
weight, birth length, ponderal index, or gestational age, but
it was significantly inversely associated with head circumfer-
ence (beta = — (.26 cm, standard errvor [SE] = (.13, P =0.045
without creatinine adjustment; similar results with creatinine
adjustment) (WollT et al. 2007). Log, ,-transformed concentra-
tions of maternal prenatal urinary DMPs and DEPs also were
not significantly associated with birth weight, birth length,
ponderal index, head circumference, or gestational age, nor
was maternal prenatal urinary MDA concentration, dichoto-
mized at the LOD (0.3 ug/l.), significantly associated with any
of these outcomes. There was some evidence that maternal
prenatal urinary DEPs interacted with maternal PONT1 activity
and PONT . genotype. Birth weights were significantly lower
among those with higher DEP concentrations and lower PON1
activity or the PON! , RR (low-activity) genotype, compared
with those with lower DEP concentrations and higher PON1
activity (£ = 0.042) or the PONT ,, QQ (high-activity) geno-

among those with higher maternal prenatal vrinary DMP con-
centrations than among those with lower DMP concentrations
within the stratum of lower maternal PON1 activity (2 = 0.032),
and among those with higher maternal prenatal urinary DMP
concentrations and the PONJ . RR genotype, compared with
those with lower prenatal DMP and the PON/ |, QQ genotype

Crit Rev Toxicol, 2015; 45(7): 531-641

detected {(or at Jeast were not reported) for total DAPs or for
other birth cutcomes.

Notable strengths of the Mount Sinai CECS are comparable
to those of the CCCEH study, and include the personal mea-
surement of OP metabolites, the detailed characterization of
the study cohort, and the prospective design, with exposuores
measured during the third trimester of pregnancy. Participants
were enrolled during a narrower time window, preventing
evaluation of associations hefore and after 2001, but informa-
tion on PONT genotypes and PONT and BChE activity enabled
the assessment of putatively susceptible subgroups. Several
limitations are also shared between the cohorts, including the
collection of single biospecimens for exposure assessment, the
small number of subjects and nmltiple hypothesis testing in
stratified analyses, and possible modest confounding. Thirty-
three percent of cligible women consented to participate, and
74% of participants were ultimately included in the analysis
after exclusions due to medical issues, lack of biospecimens,
change of hospital or residence, or refusal, with shorter
follow-up for younger and less-educated mothers. If participa-
tion and/or follow-up were associated with both OP exposure
and subscquent birth outcomes, then selection bias could have
distorted the results in an unpredictable direction. Maternal
prenatal urinary TCPy and MDA levels were analyzed as
dichotomous variables {detectable or non-detectable), preclud-
ing analyses of exposure—response trends. As described earlier
1n this paper, urinary DAP concentrations are unlikely to accu-
rately reflect Jong-term exposure to OF insecticides. They also
do not enable identification of associations with specific OP
insecticides, which differ substantially in acute toxicity.

Taken together, the results in the Mount Sinai CECS cohort
show no association between maternal prenatal levels of TCPy
or MDA and birth outcomes. Higher maternal prenatal DAP
fevels were associated with smaller head circumiference, but
not birth weight, birth length, ponderal index, or gestational
age, while maternal prenatal DMP and DEP levels were not
significantly associated with any of these outcomes in the
combined cohort. The association with head circumference
alone could be interpreted as indicative of a neurotoxic effect
or, alternatively, a chance for finding amid predominantly mull
results. Some interactions in the expected direction (assum-
ing greater susceptibility in those with lower PON1 activity)
were detected between prenatal DMPs or DEPs and maternal
PON1 activity or PONI ,,, genotype in association with birth
weight or birth length. However, no explanation was provided
for why DMPs would interact with PON1 activity and geno-
type in relation to birth length but not weight or other birth
outcomes, whereas DEPs would interact with PON1 activity
and genotype in relation to birth weight but not length or other
birth outcomes. The internally inconsistent findings indicate
no clear relationship between prenatal exposure to OF insect-
cides and fetal growth or gestational age.

Center for the Health Assessiment of Mothers and
Children of Salinas

The CHAMACOS prospectively enrolled pregnant women
entering prenatal care at <<20 weeks of gestation between
1999 and 2000 in a primarily Latino, low-income, farm-

BIGgHTSH
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worker population in the Salinas Valley of California (Table 1)
{Eskenazi et al. 2004, Harley et al. 2011). Six DAP metabolites
were measured in maternal spot urine specimens collected at
approximately 13-14 weeks and 26-27 weeks of gestation
and averaged over the two time points. In addition, seven OP
insecticide metabolites, inchuding TCPy, MDA, 4-nitrophenol
(PNP; a metabolite of methyl parathion, parathion, and other
chemicals), 2-dicthylamino-4-hydroxy-6-methylpyrimidine
{a metabolite of pirimiphos methyl). 2-isopropyi-4-methyl-6
-hydroxypyrimidine (& metabolite of diazinon), 3-chloro-4-
methyl-7-hydroxyecoumarin (a metabolite of coumaphos and
coumaphos methyl), and 5-chloro-1-isopropyl-3-hydroxytri-
azole (a metabolite of isazophos and isazophos methyl), were
meastred in the same maternal prenatal urine specimens. The
last four were detected in fewer than 11% of subjects and there-
fore were not studied further. Median conceantrations {range)
in materpal prenatal urine were 136 amol/L (10-6834) for
DAPs, 101 nmol/L (5-6387) for DMPs, 22 amoVL (2-680)
for DEPs, 3.3 ug/L (0.2-56.1) for TCPy, 0.2 ug/l. (0.2-28.9)
for MDA, and 0.5 (0.1-34.7) for PNP (Eskenazi et al. 2004).
AChE and BChE activities were measured in maternal blood
taken at ~26-27 weeks of gestation and before delivery, and in
umbilical cord blood taken at delivery. In addition, PONI 102
and PONI . polymorphisms were genotyped in maternal
and cord blood specimens, and PONI arylesterase activity
against phenyl acetate (as a measure of PONI qguantity) and
paraoxonase activity against paraoxon {(as a measure of PON1
activity) were measured i maternal post-delivery and cord
blood specimens.

After multivariate adjustment in 485 mother-newborn
pairs, a 10-fold increase (i.e.. 1 log,,-nmol/l. increase) in
maternal prenatal urinary DAP concentration was positively,

tively associated with head circumference (beta=0.32 cm,
95% CI=0.03, 0.62) (Table 2) (Eskenazi et al. 2004). After
urinary DAP levels were controlled for creatinine, the asso-
ciation with birth Jength was no longer evident; however, the
result for head circumference did not change. Maternal prena-
tal urinary DAP concentrations were not significantly associ-
ated with length of gestation, preterm delivery (birth at <37
weeks of gestation), birth weight, low birth weight (<2500
2, ponderal index, or small size for gestational age at hirth
(<< 10th percentile for birth weight at gestational age), nor were
maternal prenatal vrinary DMP or DEP concentrations signifi-
cantly associated with these outcomes, other than an inverse
association between prenatal DMPs and length of gestation
(beta = — 0.41 weeks, 95% Cl=-—0.75, — 0.07). In analyses
by timing of prenatal DMP measurement, the latter association
appeared to be stronger after 22 wecks of gestation. Maternal
prenatal urinary TCPy and MDA levels were not significantly
associated with any outcome evaluated. When maternal pre-
natal urinary PNP levels were categorized as undetectable,
detectable, and below the median, or detectable and at or above
the median, newborns in the middle category of exposure, but
not the highest category, had a shorter length of gestation and
ionger birth length than those in the lowest category. However,
the authors cautioned that “PNP may derive from compounds
other than parathion” (Eskenazi et al. 2004). AChE activities

Low-level OP insectide exposures 567

significantly associated with Jonger gestation, and lower levels
were associated with a significantly higher odds of preterm
birth and low birth weight. However, activities in maternal
prenatal and delivery blood were not significantly associated
with length of gestation, birth weight, or the other outcomes
assessed. Activities of BChE in maternal prenatal plasma,
materpal plasma at delivery, and cord plasma at delivery also
were not significantly associated with any of the ouicomes
exanuned. The authors did not have baseline AChE data; thus,
AChHE and BChE inhibition was not measured. Furthermore,
AChE and BChE levels may vary significantly across time due
to changes in OP insecticide exposure and/or natural variabil-
ity. In stratified analyses by PONT genotype or PONT activity,
maternal prenatal wrinary DEP levels were associated with
shorter gestational age only among infants with the PON/
TT (low-activity) genotype (P . =0.09; Table 2) (Har-
fey et al. 2011). Maternal prenatal vrinary DAP and DMP
fevels were (non-significantly) associated with higher birth
weight only among those with the PONT . CT genotype
(P, oracrion = 0-06 and (.05, respectively), whereas associations
with birth weight were statistically non-significant among
those with the TT genotype. Positive associations with head
circumference were detected only among those with PONT
CT or PONI,,, RR (low-activity) genotype. Cord blood
PON1 arylesterase and paraoxonase activity levels were not
significant modifiers of the associations between maternal pre-
natal DAP, DMP, or DEP concentrations and birth outcomes,
although a significant positive association between prenatal
DEPs and birth weight was detected only among those with
high cord blood levels of PONI.

The CHAMACOS stmdy has several methodological
strengths, including its relatively large size, evaluation of
numerous potential confounders, and collection of several
individual-level OF metabolites around the beginning of the
second and third trimesters of pregnancy.

Limitations of CHAMACOS include use of on only two
averaged biospecimens to characterize exposure and the other
concerns identified above for the CCCEH and CECS studies, as
well as the inherent shortcomings of DAP metabolites as bio-
markers of OP insccticide exposure. Additionally, the 33.2%
participation rate (with a follow-up rate of approzimately 88%)
raises concerns about selection hias, although the direction and
magnitude of such bias canmot be guantificd. The main analy-
ses in the whole CHAMACOS cohort indicate that maternal
prenatal levels of DAPs, DMPs, DEPs, TCPy, and MDA, and
activities of AChE or BChE, were not associated with most
birth outcomes examined. The only exceptions were the posi-
tive association between DAPs and head circumference and
the inverse association between DMPs and length of gestation,
especially when DMP concentrations were measured after the
midpoint of pregnancy. The associations of maternal prenatal
PNP levels with shorter gestation and greater body length were
not consisient with a monotonic exposure-response trend, and
the findings for AChE activities in cord blood were not con-
sistent with the findings for activities in maternal prenatal and
perinatal blood. The observed associations were not modified
by PONI1 quantity or activity, but some evidence of modifi-
cation by PONT genotype was found, albeit with somewhat
contradictory patterns (c.g., positive associations with birth
weightin FON! . CT carriers, but positive associations with

HIigMTS
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head circumference in PON/ o, RR carriers). The authors not
only interpreted the inverse association between DMPs and
length of gestation as being consistent with a stimulatory
effect of OP insecticides on uterine contraction, but also noted
that the 6.4% rate of preterm delivery in this population was
lower than the U.S. average (Eskenazi et al. 2004). Informa-
tion is lacking on effects of OP insecticides on uterine smooth
muscle. However, in mouse uterus, regulation of acetylcholine
levels is dominated by BChE and activity changes in excess
of 50%. which can occur during the estrus cycle, appear 1o
be required to cause substantial changes in uierine contractile
activity {Medina et al. 1993). In light of the scattered positive
associations with some but not all indicators of fetal growth
and the internally inconsistent associations with fength of ges-
tation, the overall results do not demonstrate an adverse effect
of prenatal exposure to OF insecticides on hirth outcomes.

New Jersey birth cohort

In a convenience sample of 130 New Jersey women with a
non-anomalous singleton pregnancy schedoled for an elec-
tive cesarcan birth at =37 weeks of gestation in 2003-2004,
chlorpyrifos and other pesticides were measured in preop-
crative maternal serum and wmbilical cord serum (Table 1)
(Barr et al. 2010). The mean chlorpyrifos concentration was

and 0.55 ng/g (SD =0.73, range = 0.0007-1.84) in cord serum.
After multivariate adjustment, mean birth weight, head circum-
ference, abdominal circumderence, and birth length did not dif-
fer significantly between newborns with maternal prenatal or
cord serum chlorpyrifos concentrations =75th versus <<75th
percentile (0.0007 ng/g), nor did they differ significantly when
the cutoff was set at the 90th percentile (Table 2).

Strengths and lmitations of the New Jersey birth cohort
study are comparable to those described above for other pro-
spective birth cohort studies. Chlorpyrifos levels measured in
maternal blood just before cesarcan section may not be accu-
rate indicators of earlier prenatal levels, which are probably
more ctiologically relevant to fetal growth. Because subjects
were recruited by convenience sampling, the participation rate
was not stated, and selection hias is a possibility if participa-
tion was related to factors associated with both chlorpyrifos
exposure and birth outcomes (e.g., sociceconomic status,
diet, and place of residence). It is unclear whether resulis for
newborns delivered by elective cesarean section would be
expected to differ from those for newborns delivered vaginally
or by unplanned cesarcan section. Finally, the scope of the
study with regard to OP insecticides was limited by the mea-
surement of only chlorpyrifos. As a whole, the results of this
study do not demonstrate an association between detectable
chiorpyrifos in maternal perinatal serum and birth cutcomes.

Shanghai birth cohort

Among 187 healthy women in Shanghai with an uncompli-
cated singleton pregnancy in 2006-2007, five DAP metabo-
lites were measured in maternal spot urine specimens col-
lected at the onset of labor (Table 1} (Wang ot al. 2012).
Geometric mean concentrations were 17.19 po/l. (range = <
LOD-269.15) for DMP, 8.01 pg/L (range = <LOD-109.65)
for DMTP, 6.03 pg/l. (ange = <LOD-109.65) for DEP,

Crit Rev Toxicol, 2015; 45(7): 531-641

6.31 ug/l. (range = < LOD-131.83) for DETP, and undetect-
able (range = < LOD-5.1; 5.34% detectable) for DEDTP.
In mwmltivariate adjusted models inchuding all 187 newborns,
no significant association was detected between any mater-
pal prenatal urinary DAP metabolite or all DAPs com-
bined and length of gestation, birth weight, or body length
(Table 2). Among the 91 guirls, log-transformed DEP con-
centration was significantly inversely associated with length
of gestation (beta = — 1.79 weeks, 95% Cl= —2.82, —.76;
log scale not specified), but o such association was observed
among boys (beta=0.17 weeks, £ =0.164). No other signifi-
cant associations were reported among girls or boys oaly.

The strengths and limitations of the Shanghai birth cohort
study have been described in the context of other prospective
birth cohort studies. The high participation rate (stated as 97%
among eligible subjects) is a strength, although the derivation
of this rate (i.c., the definition of the eligible source popula-
tion) is not clear.

As stated carlier, DAP metabolite levels measured at the
time of labor may not reflect earlier exposure levels, which
may be more relevant to fetal development. In addition, the
Iimitations of DAP metabolites for OP exposure assessment
were discussed previously. The authors noted that DAP metab-
olite levels observed in this study were substantially higher
than those reported among pregnant or postpartum women in
the United States (Bradman ot al. 2003) and the Netherlands
(Ye et al. 2008), yet only one statistically significant associa-
tion was detected. The authors did not hypothesize why levels
of DEP, but not other DAP metabolites, maght plausibly be
related to shorter length of gestation, but not other birth out-
comes, only among girls. With at least 54 associations tested,
chance appears to be a more reasonable explanation for this
single statistically significant result.

Health Ourcomes and Measures of the Environmer Study

In the Health Outcomes and Measures of the Environment
(HOME) Study, based in Cincinnati, Chio, 389 healthy preg-
nant women living in a home built before 1978 were enrolled
at =19 weeks of gestation and followed through delivery of
a live-born singleton infant in 2003-2006 (Table 1} {(Rauch
et al. 2012). Six DAP metabolites were measured in mater-
nal spot urine samples collected from 344 participants at
approximately 16 and 26 weeks of gestation {averaged for
analysis) and within 24 h of delivery. Median concentrations

(IQR = 26-185) for DMPs, and 17.7 nmol/L (IQR = 8-37) for
DEPs. In addition, umbilical cord blood was genotyped for the
PONI ,, and PON]_,, polymorphisms.

Statistically significant inverse associations were detected
in multivariate adjusted models between log, -transformed,
creatimne-standardized maternal prenatal urinary DAP or
DMP concentrations and length of gestation (beta for DAPs =
— 0.5 weeks, 95% Cl= — (.8, —0.1; beta for DMPs = —04
weeks, 95% (Cl=-—0.7, 00) and birth weight (bota
for DAPs= 151 g 95% Cl=-287, - 16; beta for

et al. 2012). However, the associations with birth weight
were substantially attenuated and not statistically signifi-
cant after adjustment for gestational age. Maternal prenatal
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urinary DEP concentrations were not significantly associated
with cither outcome. After stratification by race, the inverse
associations of prenatal DAPs and DMPs with length of ges-
tation were detected only for white mothers (P, . =0.10
and (.09, respectively), whereas the inverse associations of
prenatal DAPs and DMPs with birth weight were detected
only for black mothers and only after additionally adjusting
for gestational age (P, . =0.02 and 0.02, respectively).
In models stratified by genotype, maternal prenatal urinary
DAP concentrations were inversely associated with length of
gestation only among newborns with the PON/ ,,, QR or QQ
(not the low-activity RR) genotype (P, . =0.04 and 0.09,
respectively) or the PONJ 0 CT (not the high-activity CC
or low-activity TT) genotype (P, . =0.04). The inverse
association between maternal prenami urmarv DAP coacen-
tration and birth weight was observed only among newborns
with the PONI,,, QR genotype (P =0.02) or the

interaction

PONI . CT genotype (P . =0.15). Models siratified
by both race and genotype were not only based on small num-
bers and were thercfore statistically unstable, with wide Cls,
but also suggested stronger associations among heterozygotes.
Results were modestly attenuated when restricted to full-term
births, based on non-creatinine-standardized DAP concentra-
tions, or based on DAP concentrations from either 16 or 26
weeks only.

Besides the previously noted strengths and limitations of
prospective birth cohort studies, this study benefits from the
measurerent of maternal urinary DAP metabolite levels at two
time points near the beginning and end of the second trimester.
The 37.1% participation rate among 1263 eligible women, com-
bined with the 86% follow-up rate through delivery (including
twins and stilibirths) and the 88% biospecimen availability
rate, raises the possibility of selection bias, with an unknown
direction and magnitude of influcnce. Only DAP metabolites,
not specific OP insecticides, were measured, and results were
reported only for two birth outcomes. Several anomalous resulis
were reported, including the detection of some associations
only among white mothers and others only among black moth-
ers; the detection of significant inverse associations between
materpal prenatal urinary DAP and DMP levels and birth
weight only in the absence of adjustment for gestational age, but
the detection of these associations among black mothers only
with adjustment for gestational age: and the stronger observed
associations among PONT ) and PONI |, heterozygotes than
among low-activity homozygotes. Overall, the results suggest
possible inverse associations between maternal prenatal urinary
DAP and DMP (but not DEP) concentrations and length of
gestational age and birth weight, perhaps restricted to specific
racial groups or those with intermediate (but not Jow or high)
PON1 activity. As in other studies with internally inconsistent
associations, these findings may be explained at least in part
by chance or bias, especially given the sumerous hypotheses
tested, and do not offer convincing support for an adverse effect
of OP insecticides on birth ouicomes.

Zhejiang hivih cohort

In rural Zhejiang Province, 116 consecutive healthy women
with a healthy, uncomplicated, singleton pregoancy at
36 weeks of gestation, eight OP insecticides (and other
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pesticides) were measured in umbilical cord serum at delivery,
including chlorpyrifos, diazinon, fonofos, malathion, parathion,
methylparathion. profenofos, andterbufos(Table 1} {(Wickerham
et al. 2012). The proportion of serum samples with detectable
fevels(LOD = 0.05 ng/mL except for malathion and profencfos,
where LOD = 0.50 ng/mL) were 23.3% for chlorpyrifos (90th
percentile = 0.17 ng/ml), 14.7% for diazinon (90th percen-
tle =0.27 nv/mL) i6. 4"‘7 for Ebnofm (@Oﬂ’x percemile ={.30

2.6% for par athmn (90111 pz,rccn tile << 0.05 n(g/m};_,), 25.0%
for profenofos (90th percentile =0.68 ng/ml), and 31.0%
for terbufos (90th percentile = (.27 ng/mL). After multivari-
ate adjustment, no significant associations with birth weight
were detected for any of these pesticides, whether analyzed as
detectable versus non-detectable, three-level ordinal variables,
or the total number detected (Table 2).

In general, some of the strengths and fimitations of the
Zheiiang birth cohort study are similar to those of other birth
cohort studies. Additional strengths include the nearly 100%
participation rate among eligible subjects (althoogh the basis
for calculating this rate is not clear) and the measurement of
specific OP insecticides rather than non-specific DAP metabo-
fites, countered by limitations, including the cross-sectional
measurement of pesticide levels in umbilical cord serum col-
lected at delivery, the analysis of pesticide exposure as simpli-
fied categorical variables, and the evaluation of only a single
birth outcome {weight). In summary, the results of this stdy
suggest no association between concurrent exposure o any of
eight different OP insecticides and birth outcomes.

Bradford Hill evaluation of weight of evidence

Strength. The strength of observed associations between OP
metabolites and birth outcomes cannot be compared easily
across studies, given differences in the unit of exposure mea-
surement, the logarithmic base used for transformation (if any),
and the format in which results were presented (e.g., as regres-
sion betas or adjusted means). The distinction between a weak
and a strong association, especially with a continuous outcome
such as birth weight or length of gestation, is also subjective
and hard to define. Nevertheless, moqt reporied associations
inyolved birth weight differences of <100 g, birth length and
head circumference differences of < () 5 cm, and gestational
iength differences of <5 days (<<0.7 weeks), in association
with exposures classified on various scales (e.g., detectable,
natural log, or log, ). In general, weak associations are more
likely than strong associations to be explained by confounding,
bias, or chance. Furthermore, the majority of reported results
were not statistically significantly different from the null value.

Consistency. An examination of the consistency of associa-
tions with specific birth outcomes reveals mostly null findings,
with no uniformity of positive or inverse associations across
(as well as within) studies. In particular, associations with
birth weight were inconsistently reported as inverse (Perera
et al. 2003, Rauch et al. 2012, Whyatt ct al. 2005, Whyatt
et al. 2004}, positive (Eskenazi et al. 2004, Harley et al. 2011),
or in most cases, null (Barr et al. 2010, Berkowitz et al. 2004,
Eskenazi et al. 2004, Harley et al. 2011, Perera et al. 2003,
Wang et al. 2012, Whyatt et al. 2005, Whyatt et al. 2004, Wolff
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et al. 2007y (Wickerham et al. 2012). Associations with birth
length were also heterogeneous, including inverse (Perera
et al. 2003, Whyatt et al. 2005, Whyatt et al. 2004}, positive
(Eskenazi et al. 2004), and mostly null findings (Barr ¢t al.
2010, Berkowitz et al. 2004, Hskenazi et al. 2004, Perera et al.
2003, Wang et al, 2012, Whyatt et al. 2005, Whyatt et al. 2004,
Wolff et al. 2007). Likewise, head circumference was variously
mversely associated (Berkowitz et al. 2004, Wolff et al. 2007),
positively associated (Eskenazi et al. 2004, Harley et al. 2011),
and most often not significantly associated (Barr et al. 2010,
Berkowitz et al. 2004, Eskenazi et al. 2004, Harley et al. 2011,

Perera et al. 2003, Whyatt et al. 2005, Whyatt ot al. 2004, Wolff

et al. 2007} with OP metabolite Jevels. The reported associa-
tions of individual OP metabolites with ponderal index were
statistically null in both studies of this outcome (Eskenazi
et al. 2004, Woltf et al. 2007).

Although inverse associations between a few selected OP
metabolites and length of gestation were reported in multiple
studics (Eskenazi et al. 2004, Harley et al. 2011, Rauch et al.
2012, Wang et al. 2012), these associations were inconsistent
across participant subgroups by race, sex, and genotype, with
no cogent biological explanation for the observed heterogene-
ity. For example, a significant inverse association with maternal
prenatal urinary DAPs was detected among white mothers but
not black mothers in the HOME Stady (Rawch et al. 2012), and
an inverse association with maternal prenatal urinary DEPs
was detected among infant girls but not boys in the Shanghai
birth cohort study (Wang et al. 2012). Moreover, most OP
metabolites measured in these and other studies (Berkowitz
et al. 2004, Wolff et al. 2007) were not significantly associated
with length of gestation. Thus, the most consistent findings
were statistically mull, and the lack of consistency of signifi-
cant associations between OP metabolites and specific birth
ocutcomes does not sapport a causal interpretation of the few
statistically significant associations observed.

Temporality. As discussed above, an assessment of the tempo-
ral relationship of measured OP and DAP metabolite levels in
prenatal or perinatal maternal biospecimens in relation to fetal
growth and other birth outcomes is limited, for several rea-
sons. First, exposores measured soon before birth are unlikely
to have a major influence on fetal growth over the course of
40 weceks of gestation. Second, because these metabolites have
a short biclogical half-lfe and vary considerably within indi-
viduals, one or two samples are unlikely to reflect past or long-
term average exposure for a given person. Third, itis uoknown
whether the time points selected for blood, vrine, or personal
air collection in varicus studies are eticlogically relevant or
whether exposures eatlier or later in gestation have a greater
influence on fetal growth or length of gestation. Consequently,
the measurement of metabolite levels prior to birth does not
necessarily strengthen the evidence in favor of a causal inter-
pretation of observed associations, especially if measurements
were taken only hours or minutes before birth, but even if they
were made months in advance.

Biological gradient. Few studies explicitly evaluated the shape
of the biological gradient between OP metabolites and birth
outcomes; instead, using linear regression models, nearly all
nvestigators assumed a log-linear exposure—outcome rela-

Crit Rev Toxicol, 2015; 45(7): 531-641

tionship, without testing the appropriateness of this model.
Only two studies cxamined exposure-response gradients
by categorizing exposures into at least three ordinal groups
{Eskenazi et al. 2004, Whyatt ¢t al. 2004). (This observa-
tion also highlights the problem of inconsistency of analytic
approaches among studies.) In the CCCEH study, where cord
plasma concentrations of chlorpyrifos (and chiorpyrifos plus
diazinon, but not diazinon alone) were inversely associated
with birth weight and birth length, the strength of the inverse
associations increased across tertiles of detectable levels com-
pared with non-detectable levels, a pattern consistent with a
monotonic exposure—response gradient (Whyatt et al. 2004).
In the CHAMACOS study, maternal prenatal urinary levels of
MDA, TCPy, and PNP, which were categorized as undetect-
able, detectable below the median, or detectable at or above
the median, did not show evidence of a monotonic association
with fength of gestation, birth weight, birth length, or pon-
deral index (Eskenazi et al. 2004). The middle category of
PNP appeared to be inversely associated with length of gesta-
tion and ponderal index and positively associated with body
length; however, the results for the highest category were not
significantly differcat from the null value. Some evidence of a
positive exposure-response trend was observed between PNP
and head circumference. Although significant lincar regression
coefficients may be consistent with a monotonic biological
gradient, the dearth of information on the shape of exposure—
response relationships between OF metabolites and birth out-
comes prevents a thorough evaluation of such gradients.

The commonly applied mechanism for OP toxicity is AChE
inhibition. As discussed earlier, the levels in the epidemiologic
studies are orders of magnitude below what would result in
clinically meaningful AChE inhibition. There are a few other
postulated mechanisms for non-cholinergic OP toxicity, but
effects at the levels observed in the epidemiologic studies have
not been established for these mechanisms either.

Plausibility. The biological plausibility of the associations
is not established. While OP insecticides are known to cause
neurctoxicity in mature subjects at doses higher than reported
in the epidemiologic studies, the mechanism of OP-induced
neurodevelopmental toxicity has vet to be established.

Coherence, In the evaluation of the coherence of evidence,
another important consideration is whether observed interac-
tions with PON1 activity levels or genotypes are consistent
with the hypothesis of increased susceptibility to potential
adverse health effects of OP insecticides in those with lower
PON1 activity. In the three studies that evaluated these inter-
actions—the Mount Sinai CECS (Berkowitz et al. 2004, Wolff
et al. 2007y, CHAMACOS (Harley et al. 201 1), and the HOME
Study (Rauch et al. 2012)—results were variable. One study
reported the expected stronger inverse associations, albeit only
hetween selected metabolites and birth outcomes, in those with
homozygous low-activity PON1 genotypes or low measured
PON1 activity (Wolff et al. 2007). Another study found mostly
no apparent heterogencity by PONI genotype, level, or activ-
ity, but some evidence of stronger positive associations, again
between only selected metabolites and hirth outcomes, in
those with heterozygous or homozygous high-activity PON1
genotypes or higher PON1 levels, and an inverse association
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between DEPs and gestational age among those homozygous
for the low-activity PONI_,, genotype (Harley et al. 2011).
In another study, stronger inverse associations between DAPs
and birth outcomes were observed among PONI heterozy-
gotes than among low- or high-activity homozygotes (Rauch
et al. 2012). Finally, one study found no evident heterogeneity
in associations by PON1 activity (Berkowitz et al. 2004). As a
whole, these mixed results are not coherent with a protective
effect of high PON1 detoxifying activity against adverse effects
of OP insecticides on fetal growth and other birth outcomes.

Specificity, experiment, and analogy. The other Bradford Hill
guidelines—asapecificity, experiment, and analogy—are less
informative for the evaluation of causality. Especially in light
of the non-specificity of DAP metabolites, the many influences
on birth outcomes, and the numerous associations tested, no
specific relationship has emerged between any particular OP
insecticide and any particular birth ovtcome. Relevant quasi-
experimental evidence in humans, such as a study of birth
outcomes in women who adhere o an organic diet, is unavail-
able. Drawing analogies with other prenatal exposures that
cause adverse birth outcomes {e.g.. ethanol, methylmercury,
certain prescription medications, and dictary factors) is not
warranted, just like existence of numerous exposures shown to
be safe cannot be used to refute a causal association between
0P insecticides and adverse birth outcomes. On balance, such
analogies do not sway the evaluation of causality.

Neurodevelopmental outcomes

Twenty studies in ten study populations have examined associ-
ations between OP or OP metabolites and neurodevelopmental
outcomes (Bouchard et al. 2010, Bouchard et al. 2011, Engel
et al. 2007, Engel et al. 2011, Eskenazi et al. 2010, Eskenazi
et al. 2007, Fortenberry et al. 2014, Guodong et al. 2012,
Horton et al. 2012, Lizardi ¢t al. 2008, Lovasi et al. 2011,
Marks et al. 2010, Culhote and Bouchard 2013, Quiros-Alcala
et al. 2011, Rauh et al. 2011, Rauh et al. 2006, Rauh et al,
2012, Yolton et al. 2013, Young et al. 2005, Zhang et al. 2014).
Most studies were conducted in birth cohorts enrolled prior
to delivery—including four cohorts described earlier in the
section on birth outcomes-—whereas other studies were cross-
sectional in design. Measures of newrodevelopment varied
among studies, with several using standard clinical scales or
questionnaires, and others using measurement tools that were
not used by any other studies reviewed, although all studies
reported some degree of validation of the assessment tools
used. Table 3 summarizes the analyses in the studies evaluat-
ing neurodevelopmental onicomes.

Columbia Center for Children’s Environment and Health

In the CCCEH birth cohort study, which was described earlier
with respect to birth outcomes, childhood newrodevelopmen-
tal outcomes were measured using the Bayley Scales of Infant
Development, 2nd Edition, including the Mental Development
Index and the Psychomotor Development Index, to assess
cognitive and psychomotor development at ages 12, 24, and
36 months; the mother-reported Child Behavior Checklist
for ages 1.5-5 years, including syndrome scale scores, inter-
nalizing and externalizing scores, and scales oriented to the

Low-level OP insectide exposures 571

Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV), to assess recent behavioral problems at age
36 months; the Child Behavior Checklist for ages 618 years to
assess recent behavioral problems at age 7 years; the Wechsler
Intelligence Scale for Children, 4th Edition, including the Ver-
bal Comprehension Index, the Perceptual Reasoning Index,
the Working Memory Index, and the Processing Speed Index,
which were combined to determine the Full-Scale Intelligence
Ouotient (1), at age 7 years; and magnetic resonance imaging
for brain morphology at ages 5.9-11.2 years (Table 1) (Horton
et al. 2012, Lovasi et al. 2011, Raub et al. 2011, Rauh et al.
2006, Rauh et al. 2012).

After multivariate adjustment, significant or borderline
significant inverse associations were observed between the
highest detectable tertile (>6.17 pg/g) versus lower levels
of cord plasma chlorpyrifos and the Bayley Mental Devel-
opment Index (beta= —3.327, SE= L.76, P=0.06) and the
Psychomotor Development Index (beta = — 6.46, SE=2.18,
P=0.003) at age 36 months (Table 2) (Rauh et al. 2006).
The inverse association with the Mental Development Index
at 36 months was observed only among African American

(beta = — 170}, whereas the inverse association with the Psy-
chomotor Development Index at 36 months was observed in

actions were detected with other covariates tested. When the
Bayley indices were dichotomized at 85 points (one SD below
the mean) to indicate developmental delay, cord plasma chio-
rpyrifos levels in the highest detectable tertile were associated
with a significantly increased odds of mental delay (odds ratio
[OR] =237, 95% Cl=1.08, 5.19) and psychomotor delay
(OR =4.52, 95% Cl=1.61, 12.70) at 36 months. However,
cord plasma chlorpyrifos was not significantly associated with
the Mental Development Index at 12 or 24 months (beta at
12 months = — .344, 5F = 1.66; beta at 24 months = — 1480,
SE =2.03) or with the Psychomotor Development Index at

at 24 months = 1.17, SE = 1.98), nor were significant associa-
tions detected with mental or psychomotor delay at those ages.
At 36 months, significant associations were detected hetween
clevated chlorpyrifos levels and Child Behavior Checklist
measures of attention problems (OR = 11.26, 95% CI = 1.79,
70.99), attention deficitvhyperactivity disorder (ADHD;
OR =6.50, 953% Cl=1.09, 38.69), and pervasive devel-

or nternalizing behavior problems (omadjosted P =0.444).
A subsequent analysis of neighborhood characteristics based
on U.S. census data for poverty, education, race, language, and
housing showed no substantial confounding (<< 10% change in
beta) or modification (P =(.20) of the associations between
cord plasma chiorpyrifos and the Bayley Mental Develop-
ment and Psychomotor Indices at 36 months (Table 2) (Lovasi
etal. 2011).

Based on results of the Wechsler Intelligence Scale test-
ing at age 7 years, with outcomes analyzed on the natural
iog scale, no significant adjusted associations were detected
between cord plasma chiorpyrifos levels and Wechsler Full-
Scale 1Q, Verbal Comprehension, Perceptual Reasoning, or
Processing Speed, nor were any significant interactions with
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chlorpyrifos detected (Table 2) (Rauh et al. 2011). However, a
significant inverse association was detected with the Wechsler
Working Menory Scale (parsinmonious model beta = — 0.006,

further adjustment). This association was not substantially
confounded (change in beta << 10%) by childhood home envi-
ronment at age 3 years, based on composite indices (total
Home Observation for Measurement of the Eovironment or
HOME score, Environmental Stimulation Scale, and Paren-
tal Nurturance Scale) derived from observational imterview
data {Table 2) (Horton et al. 2012). Additionally, no appar-
ent interaction was observed between chlorpyrifos and the
Parental Nurturance Scale. However, the association between
chlorpyrifos and Wechsler Working Memory varied by child
sex, with a significant inverse association detected only among

(beta = —0.524, 95% Cl = — 1.90, 0.85).

Forty children aged 5.9-11.2 years in the CCCEH cohort
with low prenatal exposure to environmental tobacco smoke
(based on maternal self-report and cotinine levels <715 ng/mL
in cord plasma) and polycyclic aromatic hydrocarbons (based
on maternal third-trimester personal air monitoring levels
below the median of 2.26 ng/m?), including 20 children in the
highest tertile of cord plasma chlorpyrifos (=4.39 pg/g) and
20 below the highest tertile, participated in a study of brain
morphology using T1-weighted high-resolution magnetic res-
onance imaging {Table 2) (Rauh et al. 2012). Significant dif-
ferences between chlorpyrifos exposure groups that involved
primarily white matter included bilateral enlargement of the
superior temporal, posterior middle temporal, and inferior
postcentral gyri; right-hemisphere enlargement of the supra-
marginal gyrus, inferior parictal lobule, and saperior frontal
gyrus, gyrus rectus, cuneus, and precuncus along the mesial
wall; and inward deformations in the dorsal and mesial surfaces
of the left superior frontal gyrus. No significant difference was
found in overall brain size by chlorpyrifos level. Wechsler
Full-Scale 13 at age 7 years was positively correlated with
surface measures in the bilateral superior temporal, inferior
frontal, inferior precentral, and inferior postcentral gyri and
the left precuncus, and inversely correlated with surface mea-
sures in the right fusiform gyrus, among children with lower
cord plasma chlorpyrifos levels, but not those in the higher-
exposure group. Normal sex differences in the right inferior
parietal lobule, soperior marginal gyvrus, and mesial superior
frontal gyrus were reversed among children with higher chlo-
rpyrifos levels. “Scatiered reductions” in cortical thickness in
dorsal and parietal and frontal cortices were also associated
with higher chlorpyrifos levels.

The major strengths and limitations of the CCCEH cohort
study were discussed above in the context of analyses of birth
outcomes, and apply also to the analyses of neurodevelop-
mental ouicomes, except that selection bias due to differen-
tial participation rates of mothers by childhood newrological
outcomes at age 7 years is improbable, though not impos-
sible. For example, risk factors such as a personal or family
history of ncurological problems might influence the deci-
sion to participate. However, selection bias due to differential
dropout rates is a greater concern in studies with relatively
iong follow-up. Bias in analyses of parent-reported outcomes,
such as those based on the Child Behavior Checklist, is also

Low-level OP insectide exposures 615

a concern, because the completeness and accuracy of report-
ing may have varied by lifestyle factors related to maternal
prenatal chlorpyrifos exposure. Additional limitations are the
dichotomization of cord plasma chlorpyrifos levels in several
analyses, which precluded exposure-response analyses, and
the focus on a single OP insecticide.

Taken together, the results of newodevelopmental studies
in the CCCEH cohort suggest associations between prenatal
chiorpyrifos exposure and selected adverse neurodevelopmen-
tal outcomes, with some as-yet-unexplained heterogeneity by
subgroups and numerous statistically null associations. For
instance, an inverse association between cord plasma chiorpy-
rifos levels and lower scores on the Bayley Mental Develop-
ment Index was detected at 36 months among African Ameri-
can children, but not among Dominican children and not in
either group at 12 or 24 months. In the absence of g priori
hypotheses, it is unclear why prenatal chlorpyrifos exposure
might be associated with attention problems and pervasive
developmental disorder but not externalizing or internalizing
behavior problems as assessed by the Child Behavior Check-
fist, or with working memory among boys but not overall I(},
verbal comprehension, perceptual reasoning, or processing
speed as assessed by the Wechsler Intelligence Scale for Chil-
dren. Given the large number of outcomes tested, at least some
of the ohserved associations are almost certainly due to chance.
Again, neither this study nor any other study of neurodevelop-
mental cutcomes described in this review adjusted for multiple
comparisons. The observed associations with brain morphology
are noteworthy, but multiple comparisons are again a concern,
especially given the exclusive reporting of anatomic regions
where associations with chlorpyrifos exposure were observed,
but not those without any sach associations. Overall, the resulis
suggesting an adverse neurodevelopmental effect of prenatal
chlorpyrifos exposure cannot reliably be interpreted as causal
due to methodological limitations and internal inconsistency,
and require independent confirmation in other study settings.

Mount Sinai Children’s Environmental Cohort Study

The Mount Sinai CECS, described earlier, administered the
Brazelton Neonatal Behavioral Asscssment Scale to evaluate
28 behavioral items and 18 primitive reflexes, grouped into
seven clusters, in 311 neonates prior to hospital discharge at
or before 5 days (Engel et al. 2007). Subsequently, the Bayley
Scales of Infant Development, 2nd Edition, were adminis-

the Wechsler Preschool and Pomary Scale of Intelligence,
3rd Edition, or the Wechsler Intelligence Scale for Children,
4th Edition, was administered at ages 6-9 years {n = 169)
(Table 1) (Engel et al. 2011). The Brazelton scale evaluates
28 behavioral items and 18 primitive reflexes, which can be
scored into seven clusters: habituation, orientation, motor,
range of state, regulation of state, autonomic stability, and
number and type of abnormal reflexes (including plantar,
Babinski, ankle clonus, rooting, sucking, glabella, passive
resistance of legs, passive resistance of arms, pabmar, placing,
standing, walking, crawling, incurvation, tonic deviation of
head and eyes, nystagmus, tonic neck reflex, and Moro reflex).
The Wechsler Preschool and Primary Scale of Intelligence is
used to derive composite Verbal Comprehension, Perceptual

BIGgHTSH
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Reasoning, Processing Speed, and Full-Scale () scores; the
Wechsler Intelligence Scale for Children was described above
for the CCCEH study.

In adjusted models, maternal prenatal urinary levels of
DAPs, DMPs, and DEPs (classified as lincar on the log 10 BCale
or into quartiles) and detectable MDA were not significantly
associated with the Brazelton habituation, orientation, motor,
range of state, regulation of state, or autonomic stability
clusters (Table 2) (Engel et al. 2007). However, a log, -unit
increase in DEP levels was associated with a significantly
higher number of abnormal reflexes (relative risk [RR] = 149,

ginally associated with abnormal reflexes (RR = 1.32, 95%
Ci=0.99, 1.77), whercas DMP levels were not significantly
associated (RR = 1.13,95% Cl = 0.90, 1.41). Detectable MDA
levels in maternal prepatal urine were also associated with a
significantly higher number of abnormal reflexes (RR =2.24,
953% Cl= 1.55, 3.24). When levels of DAPs, DMPs, and DEPs
were categorized into quartiles, some positive associations
with number of abnormal reflexes were still detected, but not
in a monotonic exposure—response pattern., When the number

yses were stratified by infant age, associations with maternal
prenatal urinary DAPs, DMPs, and DEPs were stronger for

MDA was stronger for those aged 1 day. Statistically significant
interactions between maternal prenatal plasma PON1 expres-
sion levels and urinary DAP and DMP metabolite levels were
detected with risk of =2 abnormal refiexes as the outcome.
Specifically, the RR per-unit increase in prenatal DAPs was
2.38 (95% Cl=1.37, 4.15) for those in the lowest tertile of
PONT1 expression level versus 0.76 (95% Cl=0.48, 1.20) for
those in the highest tertile, and the RR for prenatal DMPs was
1.96 (95% Cl=1.27, 3.03) for those in the lowest tertile of
PONT1 expression level versus 0,73 (0.56, 0.96) for thosc in the
highest tertile. Associations with prenatal DEPs did not vary
significantly by PON1 expression.

In analyses using the Bayley Scales at 12 and 24 months,
maternal prenatal urinary DAP and DMP metabolite levels (but
not DEP levels) were associated with significantly lower scores
on the Mental Development Index at 12 months among blacks
and Hispanics (beta per log, -unit increase in DAPs = —3.29,

2011). When analyses of the Bayley Mental Development
Index at 12 months were stratified by maternal PON/,,
genotype, interactions were observed among blacks and His-
panics, with significantly lower scores among those carrying
the PONT,,, QR or RR genotype (i.e., heterozygotes and low-
activity homozygotes) than QQ homozygotes (¢.g., beta per
log, -unitincrease in DAPs = — 4.94, 95%Cl=—"7.87,—-2.07
for PONI . QR/RR carriers; beta = 35.72, 95% Cl= — (048,
11.92 for PONI,, QQ carriers). However, no significant
inieractions were found with the PONT .., or PONI 0. -
polymorphism, or with PON1 enzymatic activity for any neu-
rodevelopmental outcome assessed. No significant associations
were detected between maternal prenatal urinary DAP, DMP,
or DEP levels and the Bayley Mental Development Index at

Crit Rev Toxicol, 2015; 45(7): 531-641

24 months (including after stratification by race/ethnicity or
PONI 4, penotype) or the Bayley Psychomotor Development
Index at 12 or 24 months (including after stratification by
racefethnicity). Moreover, DAP, DMP, and DEP levels were
not significantly associated with any Wechsler Intelligence
Scale measures, inchuding Full-Scale 13, Perceptnal Reason-
ing, Verbal Comprehension, Processing Speed, and Work-
ing Memory (assessed at ages 7-9 years only) at 6, 7-9, or
6-9 years. Only after stratification by PONI,, genotype were
significant inverse associations detected between maternal
prenatal urinary DAP and DMP levels and the Wechsler Per-
ceptual Reasoning Index (e.g., beta per log, -unit increase in
DAPs = — (.56, 95% Cl= —4.80, 3.68 for PONI , QR/RR
carriers;beta = —7.52,95% Cl= — 14.53, — 0.51 for PONI o,
QQ carriers). No significant interactions with PON/ , geno-
type were observed for the Wechsler measures of Full-Scale
1 or Verbal Comprehension.

Key strengths and limitations of the Mount Sinai CECS
were delineated earlier and apply equally to the analyses of
neurological outcomes. Selection bias due to unequal enroll-
ment rates may not have a major influence on associations
with long-term childhood neurological outcomes, unless
participation varied by strong neurological risk factors, but
selection bias due to unequal follow-up is a reasonable con-
cern. For example, 311 (77%) of 404 cligible infants com-
pleted the Brazelton Neonatal Behavioral Assessment Scale
before hospital discharge, excluding those admitted to the
Neonatal Intensive Care Unit (NICU), those delivered and
discharged over a weekend, those whose parent refused, those
who were not testable, and those for whom study personnel
were unavailable; thus, selection bias could have occurred if
exclusions were associated with both DAP metabolite levels
and neconatal behavioral outcomes. Multiple comparisons
potentially leading to chance findings are a particular con-
cern in these analyses, given the large number of outcomes
and subgroups examined, along with the apparent lack of ¢
priori hypotheses regarding why some but not other neoro-
fogical outcomes might be associated with OP metabolites,
or why associations might be observed in some but not other
subgroups by age and race/ethnicity. Consequently, although
the associations of maternal prenatal urinary levels of DAP
and DEP metabolites and detectable MDA with abnormal
neonatal reflexes were noteworthy, the absence of a mono-
tonic exposure-response pattern, along with the absence of
association with motor performance, autonomic stability, and
other neurological cutcomes, detracts from the coherence of
these findings. Likewise, the persuasiveness of the inverse
associations of maternal prenatal urinary levels of DAP and
DMP metabolites with mental development at 12 months in
blacks and Hispanics, especially in PONI,,, QR/RR car-
riers, is undermined by the positive associations in whites,
the absence of any association at 24 months, and the lack of
any interaction with other PON! genotypes or PONIT activity
levels. The stronger inverse association of prenatal DAP and
DMP levels with perceptual reasoning in 6- to 9-year-olds in
PONI ,,, QQ carriers also runs counter to expectation. Con-
sequently, the few observed significant associations among
a large number of statistically null associations, without a
discernable pattern, cannot reliably be interpreted as cansal,
and require confirmation in independent studies.

HIigMTS
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Center for the Healith Assessment of Mothers and
Children of Salinas

The basic methods of the CHAMACOS birth cohort study
were described earlier; follow-up for neurodevelopmental
ouicomes contimued through age 7 years (Table 1) (Bouchard
et al. 2011, Eskenari et al. 2010, Eskenazi ¢t al. 2007, Marks
et al. 2010, Quiros-Alcala et al. 2011, Young et al. 2005).
Geometric mean wrinary DAP metabolite levels measured
in childien increased with age: 45.5 amol/L (95% Cl=39.6,
52.3) at 6 months, 59.5 =nmol/L {51.7, 68.5) at 12 months,
70.9 nmol/L. (614, 81.9) at 24 months, 77.5 nmol/L. (654,
91.9) at 3.5 years, and 92.6 nmol/L (78.6, 109.0) at 5 years
(Eskenazi et al. 2007, Marks et al. 2010). Neurodevelop-
mental outcomes were measured using the Brazelton Neo-
natal Behavioral Assessment Scale administered by 62 days
(2 months); the Bayley Scales of Infant Development, 2nd
Edition, administered at 6, 12, and 24 months; an autonomic
nervous system reactivity protocol that measured heart rate,
resparatory simus arrhythmia, and pre-ejection period follow-
ing social, physical, and emotional challenges (and cognitive
challenges for older children) administered at 6 months and
1, 3.5, and 5 years; the mother-completed Child Behavior
Checklist for ages 1.5-5 years administered at 2, 3.5, and 5
years; the NEPSY® visual attention subtest, 20d Edition,
admvinistered at 3.5 years; the Conners’ Kiddie Continuous
Performance Test, which assesses reaction time, accuracy,
and impulse control for ADHD screening using an interactive
computer program; the Hillside Behavior Rating Scale, which
assesses motor activity and distractibility for ADHD screen-
ing, administered at 5 years; and the Wechsler Intelligence
Scale for Children, 4th Edition, administered at 7 years.
Among infants assessed at or before age 2 months, no
significant association was observed between maternal pre-
natal average wrinary levels of DAPs, DMPs, or DEPs and
the Brazelton habituation, orientation, motor performance,
range of state, or regulation of state cluster, either overall or
among neonates assessed at age = 3 days or > 3 days (Table 2)
(Young et al. 2005). Maternal prepatal urinary DEP metabolite
fevels, but not DAPs or DMPs, were significantly associated
with a higher score on the autonomic stability cluster, which

By contrast, maternal prenatal urinary DAP, DMP, and DEP
metabolite levels were all significantly associated with a higher
number of abnormal reflexes, especially at age > 3 days (beta

95% Cl=0.12, 0.69; beta for DEPs=10.37, 95% C1=0.09,
0.64), but not at age =3 days (beta for DAPs = — (.01, 95%

(.20; beta for DEPs=0.08, 93% CI=—0.16, 0.32). When
the number of abnormal reflexes was dichotomized at>>3

fevels were categorized into guintiles, and the analysis was
restricted to neonates aged = 3 days at assessment, statistically
significant positive exposure—response trends were observed
for each metabolite type. The OR for>>3 abnormal reflexes
per log -unit increase in metabolite concentration was 4.9

Low-level OP insectide exposures 627

with any neonatal neurodevelopmental outcome were detected
with maternal post-delivery urinary metabolite levels.

A significant inverse association was detected between
maternal prenatal urinary DAP and DMP levels and the Bay-
ley Mental Development Index at 24 months (beta per log -
unit increase in DAPs= —354, 95% Cl= —6.59, —049;
beta for DMPs = —3.64, 95% CI= —6.36, — 0.91) (Table 2}
(Eskenazi et al. 2007). By contrast, child urinary DAP and
DMP levels at 24 months were positively associated with
the Mental Development Index (beta for DAPs = 2.37, 93%
CI=0.50, 4.24; beta for DMPs = 2.01, 95% CI =0.24, 3.78).
Child urinary DEP levels at 12 months were also positively
associated with the Mental Development Index at that age
(beta = 1.89, 95% CI=0.21, 3.58). Otherwise, associations
of maternal prenatal and child wrinary DAP, DMP, and DEP
metabolites, as well as maternal prenatal MDA and TCPy
fevels, with the Mental Development Index at 6, 12, and
24 months were statistically non-significant, and all associa-
tions with the Psychomotor Development Index at those ages
were non-significant. Maternal prenatal and 24-month child
urinary Jevels of DAPs, DMPs, DEPs, MDA, and TCPy were
not significantly associated with a clinically borderline score
(> 93rd percentile) for atiention problems or ADHD as assessed
by the Chlild Behavior Checklist at 24 months. However,
maternal prenatal urinary levels of DAPs and DMPs were at
least marginally significantly associated with a higher odds of
clinical pervasive developmental disorder (> 97th percentile)
as assessed by the Child Behavior Checklist at 24 months (OR
for DAPs =2.25, 95% CI=0.99, 5.16; OR for DMPs=2.19,
95% Cl1=1.05, 4.58; OR for DEPs = 0.88, .37, 2.07), as were
all three types of metabolites in children (OR for DAPs = 1,71,
95% Cl=1.02, 2.87; OR for DMPs = 1.52, 95% Cl=0.94,
2.45; OR for DEPs = 1.72, 1.12, 2.64). Maternal prenatal uri-
nary MDA and TCPy levels were not significantly associated
with pervasive developmental disorder at 24 months.

When associations hetween maternal prenatal urinary DAP,
DMP, and DEP levels and the Bayley Mental and Psychomo-
tor Development Indices and Child Behavior Checklist perva-
sive developmental disorder score were stratified by child or
maternal PONI! genotype, or by umbilical cord or maternal
blood PONI activity or quantity, no statistically significant
interactions were delecied, and stronger associations were not
consistently detected among those with lower-activity geno-
types (i.e., PONI o, RR and PON/ o TT) or lower enzyme
fevels (Table 2) (Eskenazi et al. 2010).

At age 3.5 years, maternal prenatal vrinary DAP, DMP, and
DEP levels were not significantly associated with attention
problerns or ADHD as assessed by the Child Behavior Check-
list, whether the ontcomes were analyzed as continnous or cat-
egorical variables dichotomized at clinically borderline scores
(> 93rd percentiley (Table 2} (Marks et al. 2010). However,
several OR point estimates were arcund 3.0, with wide 95%
Cls due to the small number of borderline scores at that age.
Prenatal urinary DAP, DMP, and DEP metabolite levels were
also unassociated with the NEPSY-II visual attention score
at age 3.5 years. Associations with Child Behavior Checklist
measures of attention problems and ADHD at age 5 years
were attenuated and statistically non-significant in analyses
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of dichotomized scores at age 5 years, but significant positive
associations were detected with scores analyzed as continu-
ous outcomes {(beta per 10-fold increase in DAPs =0.7, 95%

2.1 for ADHD). Whereas no significant associations were
detected between maternal prenatal urinary DAP, DMP, or
DEP metabolite levels and markedly atypical scores for omis-
sions, comunissions, or hit reaction time on the Conners’ Kid-
die Continuous Performance Test or the ADHD Confidence
Index analyzed as the continuous variable at 5 years, the odds
of having an ADHD Confidence Index above the 70th per-

15.7), a Hillside Behavior Rating Scale attention problems
score =7 out of 12 (OR for DAPs =30, 95% Cl=10.9, 9.8),

increased in association with higher prenatal metabolite con-
centrations. Some heterogeneity was detected by sex, with
boys generally showing stronger associations than girls. Asso-
ciations with child urinary OP metabolite levels were weaker
and not statistically significant.

At age 7 years, significant inverse associations were
found between maternal prenatal urinary levels of DAPs,
DMPs, and DEPs and Wechsler Intelligence Scale measures
of Working Memory (e.g., beta per log, -unit increase in
DAPs averaged from the first and sccond halves of preg-
~ 4.3, 95% Cl= 7.7, —0.9), Processing Speed

Verbal Comprehension (beta for averaged DAPs= — 5.3,
95% Cl= — 8.6, — 2.0), Perceptual Reasoning (beta for aver-
aged DAPs = —4.0, 95% Cl= — 7.9, — 0.1}, and Full-Scale
1Q (beta for averaged DAPs= —5.6, 95% C1—9.0, —2.2)
{Table 2) (Bouchard et al. 2011). When maternal averaged
prenatal wrinary DAP levels were categorized by quintile,
mverse exposure-response trends were observed for all five
outcomes, with an average difference of 7.0 Foll-Scale 1Q
points between the highest and lowest quintiles of prenatal
DAPs. Bstimates of association did not differ substantially
among maternal early prenatal, late prenatal, and posina-
tal urinary DAP concentrations, nor were marked changes
observed after additional adjustment for other environmen-
tal contaminants, standardization by creatinine, stratifica-
tion by sex, or restriction to Spanish-speaking children.
However, child urinary DAP levels at 6, 12, 24, 42, or
60 months, or at all ages taking the area under the concentration—
time curve, were not significantly associated with any of the
Wechsler Intelligence Scale measures at age 7 years.
Associations of maternal prenatal and child urinary DAPs,
DMPs, and DEPs with both resting and reactivity measures
of respiratory sinus arrhythmia, heart rate, and pre-ciection
period were tested at ages 6 months, 1 year, 3.5 years, and
5 years (Table 2) (Quiros-Alcala et al. 2011). In addition,
cumulative measurcs of prenatal (14-weck and 26-weck)
and childhood (6 months to 5 years, based on arca under the
concentration—time curve calculations) urinary DAP, DMP,
and DEP metabolite levels were analyzed with respect to
resting and reactivity measures at age 5 years. Among the
numerous associations tested, significant associations were
found only between child DAPs and DMPs and resting respi-

ratory sinus arrhythmia score at 6 months (beta per log, -unit
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increase in DAPs= —0.27, 95% Cl= —0.48, —0.06; beta
for DMPs=—0.24, 95% Cl=—0.42, —0.05; beta for);
between maternal prenatal DMPs and child DEPs and resting
pre-cjection period at 1 vear (beta for prepsatal DMPs = 3.77
milliseconds, 95% CE=0.21, 7.33; beta for child DEPs =4.33

milliscconds, 95% CI=0.03, 2.40); between maternal prena-
tal DAPs and DMPs and reactive respiratory sinus arthythmia

DMPs = (0,25, 95% CI=10.03, 0.45); and between cumulative
maternal prenatal DEPs and resting heart rate (beta = — 3.19
beats per munute, 95% Cl= —6.29, —0.09). Otherwise, all
tested associations were statistically non-significant, and esti-
mated coefficients showed no consistent direction of associa-
tion. When hasic measures of autonomic nervous system func-
tion at 6 months, 1 year, 3.5 vears, and 5 years were combined
into four profiles (coactivation of both sympathetic and para-
sympathetic nervous systems: coiphibition of both nervous
systems; reciprocal activation of parasympathetic and inhibi-
tion of sympathetic nervous systems; or reciprocal activation
of sympathetic and iphibition of parasympathetic nervous
systems), no significant differences in geometric mean urinary
DAP concentrations were found based on maternal prenatal
or child specimens, nor were these profiles associated with
consistently high versus low urinary DAP metabolite levels in
gestation, childhood, or both.

As with other prospective birth cohort studies described
carlier in the section on birth outcomes, the main strengths
and limitations of the CHAMACOS study were discussed
above, with perhaps a lower probability of selection bias with
respect to enrollment rates but a higher probability in terms
of follow-up rates, and greater concerns about multiple coni-
parisons due to the larger number of newrodevelopmental
risk factors assessed. Overall, the neurodevelopmental results
from CHAMACOS varied by outcome, metabolite type, age
group, and timing of exposure assessment. The associations
of maternal prenatal urinary DAPs, DMPs, and DEPs with a
higher number of abnormal reflexes at age > 3 days were fairly
consistent across metabolites and outcome classifications, but
they should be balanced against the null associations with
abnormal reflexes at =3 days and with other neonatal behav-
ioral outcomes (except antonomic stability at <3 days, which
was positively associated with maternal prenatal urinary DEP
levels). Another noteworthy finding is the positive association
of maternal prenatal DAP and DMP levels and child DAP,
DMP, and DEP Jevels (but not MDA or TCPy levels) with the
risk of pervasive developmental disorder score above the clini-
cal cutoff at 24 months. These results are notable and warrant
further evaluation, although the reliance on mother-reported
symptoms to classify this outcome leaves open the possibility
of misclassification, whether non-differential or differential
by exposure status. The inverse associations of prenatal DAP
and DMP levels with the Bayley Mental Development Index at
24 months are less compelling, given the opposite associations
with child metabolite levels and the statistically muoll associa-
tions with prenatal DEP, MDA, and TCPy levels as exposures,
and with the Mental Development Index at 6 and 12 months as
outcomes. The resuolts for autonomic nervous system function
were consistently null.
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Two sets of striking associations with adverse neurode-
velopmental outcomes were reported in CHAMACOS. The
first were the positive associations between prenatal DAP and
DMP Jevels and continuous Child Behavior Checklist scores
for attention problems and ADHD and dichotomized indica-
tors for ADHD Confidence Index, Hillside Behavioral Rating
Scale attention problems, and a composite ADHD indicator
at § years. Significant associations were not detected with
dichotomized Child Behavior Checklist scores for attention
problems and ADHD, dichotomized atypical scores on the
Conners’ Kiddie Continuous Performance Test, and continu-
ous ADHD Confidence Index, although point estimates were
generally in the positive direction. However, associations were
attenuated and mostly non-significant for child urinary DAP,
DMP, and DEP levels. The somewhat inconsistent findings
raise the question of whether some measures are more valid
than others for capturing ADHD risk, and the heterogeneity
of associations between boys and girls—with some inverse
and mostly nearly null point estimates among givls—is not
readily explained by known biological mechanisms. The other
salient results in CHAMACOS were the inverse associations
of maternal prenatal (but not child) urinary DAP, DMP, and
DEP levels with all five Wechsler Intelligence Scales at age
7 years. The consistency of these findings is unlikely to be
due to chance. The methodological limitations of this study,
especially with regard to OP insecticide exposure assessment,
prevent a causal interpretation of these findings, but the robust
associations with impaired behavioral and cognitive develop-
ment in school-aged children in CHAMACOS warrant atten-
tion and replication in independent studies.

Health Outcomes and Measures of the Environment Study

The HOME Stady, described earlier, included 350 mothers

gestation, and whose infants completed the NICU Network
Newrobehavioral Scale at home at approximately 5 weeks of
age {Table 1) (Yolton et al. 2013). The scale covers 13 dimen-
sions: habituation {excluded from analysis because it was
onitted for sleeping infants), attention, arousal, selfiregula-
tion, need for special handling from the examiner, quality of
movement, excitability, lethargy, non-optimal reflexes, asym-
metrical reflexes, hypertonicity, hypotonicity, and stress/absti-
nence. In multivariate regression models, significant associa-
tions were detected between creatinine-standardized maternal
prenatal urinary DEP levels averaged over 16 and 26 weeks
and increased attention (beta per log,-unit increase = (0.066,

nia (beta = — §.101, 5E = 0.043, with hypotonia dichotomized
as none vs. anyy; and between DAP levels at 16 weeks and

(Table 2). No other significant associations were detected
between maternal prenatal urinary DAPs, DMPs, or DEPs at
16 weeks, 26 weeks, or the average of the two, and any of the
other cight dimensions assessed. In secondary analyses, latent
profile analysis was used to group infants together based on
NICU Network Neurobehavioral Scale scores into one of three
patterns: social/easy-going (n = 157), hypotonic (n=110), or
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of being classified as hypotonic, compared with social/easy-
going, was detected among infants whose mothers had higher
creatinine-standardized urinary DEP levels at 16 weeks (OR

no significant associations were observed between maternal
prenatal urinary DAPs, DMPs, or DEPs at any time point
and the odds of heing classified as hypotonic or high-arousal/
difficult, although scveral borderline significant associations
were found in both directions, with no apparent consistency
by exposure or ouicome.

The main strengths and limitations of the HOME Stady
were discussed carlier and previous comments also apply to
this analysis. The use of only three profiles to classify neu-
robehavior in secondary analyses may be an oversimplifica-
tion of a complex newrobehavioral scale (Lester et al. 2004},
Although several results were generally in the same direction,
with higher maternal prenatal urinary DAP or DEP levels
being associated with better neurobehavioral cutcomes (.c.,
increased attention, decreased lethargy. decreased hypotonia,
and decreased autonomic stress), these significant associations
were selected among many others that were tested and found to
be null. Thus, these findings cannot reliably be interpreted as
demonstrating a beneficial causal effect of prenatal OP insecti-
cide exposure on behavioral neurodevelopment in infants.

Children Pesticide Survey

From the Children Pesticide Survey, a cross-sectional study
of children living in an agricultural community in southern
Arizona in 1998-2000, a subgroup of 25 school-aged chil-
dren was selected for analysis based on detectable DAP levels
(=25 ug/mL; metabolite not specified) in an initial urine sam-
ple, and 23 other children were sclected who had undetectable
jevels (Table 1) (Lizardi et al. 2008). Subsequently, urinary
DAPs were re-measured in a first-void arine sample, and a
cognitive assessment was conducted on the same day using
a short form of the Wechsler Intelligence Scale for Children
Third Edition, the Children’s Memory Scale, the Wisconsin
Card Sorting Test, and the Trail Making Test A and B. In addi-
tion, the Child Behavior Checklist 418 and the Teacher Report
Form were used to assess behavioral cutcomes. Based on the
urine samples collected on the day of the cognitive assess-
ment, all 48 children had detectable levels of DMP, although
average levels remained significantly higher in the originally
designated “exposed” group (mean = 110 yug/l., 95% Cl = 83,
139) than in the originally designated “unexposed” group
{mean =49 pp/l, 95% Cl = 36, 63) after excluding one outlier
from each group (519 ug/L in the “exposed” group and 850
g/L in the “unexposed” group).

Although children in the “exposed” group took significantly
longer time {mean = 283 seconds, 95% Cl =224, 341) to comi-
plete the Trail Making Test B than children in the “unexposed”
group {mecan = 204 scconds, 95% Cl= 172, 236), none of the
other cognitive or behavioral measures differed significantly
between the groups in unadjusted analyses, excluding the two
outhiers (Table 2). Concurrent urinary DAP levels (analyzed as
the sum of all six metabolites) were modestly and statistically
significantly correlated with some measures of the Wiscon-
sin Card Sorting Test {(p = 0.31-0.38, P =0.03), but not after
exclusion of the two outliers. Moreover, no significant correla-
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tions were detected with the other cognitive measures, includ-
ing the Wechsler Intelligence Scale, the Children’s Memory
Scale, and both Trail Making Tests. Correlations between
concurrent urinary DAP levels and behavioral measures were
not estimated.

A key limitation of this study is its cross-sectional design:
because exposures and outcomes were measured on the same
day, a causc-and-effect relationship cannot be established.
Reverse causality due to an influence of childhood behavior
on diet, as the major source of OP exposure, is plausible.
Even without such an cffect, it scoms unbikely that DAP
metabolites are etiologically relevant to cognitive perfor-
mance measured on the same day. Other limitations include
the lack of adjustment for any confounders, the small stady
size (resulting in vnstable estimates and, possibly, insuffi-
cient statistical power to detect any associations), the large
number of outcomes tested (resulting in the expectation of
several chance findings), and the use of a single sample of
urinary DAP levels. In particular, the fact that the originally
designated “unexposed” group had detectable urinary DAP
levels at the second assessment underscores the intra-individ-
ual variability of these metabolites. Participation rates were
not reported, precluding an assessment of potential selection
bias. These predominantly null results add Little insight into
possible adverse neurodevelopmental effects of exposure to
OP insecticides.

National Health and Nutrition Examination Survey

The NHANES is a contimmous series of population-based health
surveys designed to assess the health and putritional status
of approximately 3000 representative, non-institutionalized
adults and children in the United States each year (Table 1}
(Bouchard et al. 2010). In 2000-2004, NHANES data on six
urinary DAP metabolites and ADHD were available for 1,139
children (119 with ADHD) aged &-15 years, where ADHD
diagnostic status during the previous year was assessed based
on symptoms reported by the mother or another carctaker in
a telephone interview using the Diagnostic Interview Sched-
ule for Children IV (using slightly modified criteria from
the DSM-IV), or based on reported use of ADHD medica-
tion. Geometric mean urinary levels, which were measured
2-3 weeks before the interview, were 68.3 nmol/L (JQR =
24.4-186.0) for DAPs, 41.3 nmol/L. (JOR = 10.1-130.7) for

A 10-fold increase in urinary DAP or DMP metabolite fev-
els was associated with a significantly increased prevalence
of ADHD as defined based on diagnostic interview criferia or

1.67 for DAPs; OR=1.72, 95% Cl=1.31, 2.28 for DMPs),
or based on diagnostic interview criteria alone {Table 2).
A positive exposure—response gradient was observed across
undetectable, below-median, and above-median wrinary lev-
els of DMPs. Urinary DEP metabolite levels were not sig-
nificantly associated with prevalent ADHD (OR = 0.80, 95%
Ci=0.60, 1.05). However, urinary DAPs, DMPs, and DEPs
were all significantly associated with a higher prevalence of
the hyperactive/impulsive subiype of ADHD (n=21 chil-
dren; OR per 10-fold increase = 1.85, 95% Cl=1.04, 3.27 for
DAPs; OR =2.13,95% CI =1.08, 4.20 for DMPs; OR = 2.15,
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2.19) and no metabolites were significantly associated with
the combined hyperactive/impulsive and inattentive subtype

for DMPs).

This study is strengthened by #ts population-based sample
selection and by the availability of detailed interview and
physical examination data to adjust for potential confounders
(albeit not diet [Millichap and Yee 20121).

Major methodological limitations are the cross-sectional
design and the measurement of wvrinary DAPs at a single
paint in time. Outcomes were classified based on parent- or
caretaker-reported symptoms, which could have been differen-
tially misclassified if, for example, accuracy of reporting var-
ied by dictary patterns or other hifestyle characteristics related
to OP insecticide exposure. As mentioned by the authors, the
observed associations might be due (o reverse causality—i.e.,
ADHD-related behaviors, such as dietary changes (Millichap
and Yee 2012)—that could result in higher exposure to OP
insecticides and their metabolites. Participation rates among
ADHD and non-ADHD children were unknown, given that
ADHD diagnosis was predicated on participation; therefore,
the potential for selection bias could not be assessed. The
authors did not snggest a mechanism to explain the stronger
associations of DAP metabolites with the hyperactive/impul-
sive subtype of ADHD than others. Overall, the results of this
study indicate a positive association between DAP metabolite
Ievels and the prevalence of ADHD, but causal inference about
the effects of OP insecticide exposure is limited by the cross-
sectional study design.

Shanghai cross-sectional study

In a cross-scctional study of 301 healthy 2-year-olds
recruited in 2008 from two community hospitals in Shang-
hai, urinary levels of five DAP metabolites were measured in
spot urine samples on the same day on which a neurclogical
assessment of motor behavior, adaptive behavior, language
behavior, and personal and social behavior was completed
using the Gesell Developmental Schedules for 0- to 3-year-
old children (Table 1) (Guodong et al. 2012). Geomeiric
mean urinary levels were 2.52 pg/L (IQR = <02.0 [LOD]-
3.41) for DMP, 1.56 ug/L (IQ0R = </ 1.0-1.63) for DMTP,
1.78 pg/l (IQR = <1.0-2.89) for DEP, and 3.18 ug/L
(IQR = <(1.0-7.26) for DETP; DEDTP was detected in only
2.7% of subjects. No significant associations were observed
between a log -unit increase in creatinine-adjusted urinary
DAPs, DMPs, or DEPs and any of the four Gesell Devel-
opmental Schedule scores, and estimated coefficients were
not consistently above or below zero across metabolites or
cutcome measures {(Table 2.

The high participation rate in this study (97%) mini-
mizes selection bias, but the cross-sectional design and
reliance on a single biospecimen remain the major limita-
tions. Information on confounders was somewhat Limited,
although several covariates were included in multivariate
models, and the direction and magnitude of any uncon-
trolled confounding are unpredictable. Again, the lack of
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prospectively collected serial OP metabolites prevents this
study from fully assessing the associations between expo-
sure to OP insecticides and neurodevelopmental behavioral
outcomes in young children.

Canadian health measures sirvey

In the first cycle (2007-2009) of the cross-sectional Cana-
dian Health Measores Survey, the Canadian counterpart to
NHANES, 1081 children aged 6-11 years were enrolled,
inclading 1030 (95%) with spot urine measurements of six
DAP metabolites measured within two weeks of parental
completion of the Strengths and Difficulties Questionnaire to
assess mental and behavioral outcomes (Table 1) (Oulhote and
Bouchard 2013). The five-dimension scales of this question-
naire evaluate emotional symiptoms, conduct problems, hyper-
activity/inattention, peer problems, and prosocial behavior
(not analyzed due to insufficient variability). each scored on
a 10-point scale; a global total difficultics scale is computed
based on the sum of all scales except prosocial behavior.
Scores were dichotomized between high and low/borderline
using cutoffs recommended by the author of the instrument.
Of the eligible children, 779 (72%) had complete covariate
data and were included in the anpalysis. The median urinary
level of DAPs was 99.2 nmol/L (IQR =34.3-273.73), that of

25.0 (JQR = 10.5-51.3).

When analyzed on the log,, scale and adjusted for multiple
covariates, with or without creatinine standardization, urinary
DAPs, DMPs, and DEPs were all statistically unassociated
with elevated scores for total difficulties (OR for DAPs = (.5,

OR for DEPs = 0.3, 95% CI=0.1, 1.8}, conduct problems,
emotional symptoms, hyperactivity/inatiention, and peer
problems (Table 2). No significant heterogeneity was observed
by child sex.

The methodological strengths and limitations of this study
are essentially the same as those of the NHANES siudy
described above (Bouchard et al. 2010). Advantages include
the population-based setting and extensive information on
potential confounders (but not diet), whereas major drawbacks
inchade the cross-sectional design and the one-time spot urine
measurement of DAP metabolites. Parent-reported outcome
measures were subject to misclassification that might have
been differential. Selection bias could have influenced the
results in unpredictable ways if participation in the Canadian
Health Measures Survey or provision of complete covariate
data were related to both the exposure and the outcome. In
light of these himitations and the statistically null findings,
this study offers no evidence to support a causal effect of OP
insecticide exposure on hehavioral problems in children.

Early life Exposed in Mexico to Environmental Toxicants Study

The Early Life Exposed in Mexico to Environmental Toxi-
cants (ELEMENT) study sequentially enrolled 827 healthy
pregnant women from a general hospital and affiliated clinics
in Mexico City (Table 1) (Fortenberry et al. 2014). Of the
original cohort participants, 187 (23%) mother-child pairs
had third-trimester urine specimens and completed child psy-
chometric assessments to screen for ADHD-related symptoms
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at ages 611 vears in 2007-2011; these assessments included
the Conners’ Parental Rating Scales-Revised, the Behavior
Assessment System for Children—Parental Rating Scales, and
Conners’ Continnous Performance Test. The Conners’ Paren-
tal Rating Scales-Revised, a parent-completed assessment
tool for children and adolescents aged 3-17 years, included
scales for an ADHD index, global restlessness/impulsivity,
hyperactivity/impulsivity ADHD, inattention ADHD, and
combined-type ADHD, mostly based on guidelines from the
DSM-IV. The Behavioral Assessment System for Children—
Parental Rating Scales, a parent-completed assessment tool
for children aged 6-11 years, were used to assess atfention
probiems and hyperactivity. The geometric mean concen-
tration of TCPy in maternal prenatal urine was 1.76 ng/mL

prenatal urine specimens 1 all three trimesters, the geometric
mean concentration did not vary significantly across trimes-
ters, but significant within-subject variability was detected

gravity and 0.29 with correction).

No significant association, including after siratification
by sex, was found between maternal prenatal uwrinary TCPy
fevel and any of the outcome measures studied, including
all ADHD and restlessness/impulsivity scales based on the
Conners’ Parental Rating Scales-Revised; the two scales for
attention problems and hyperactivity based on the Behavior
Assessment System for Children—Parental Rating Scales; and
the clinical index for ADHD and the hit reaction time block
change measure (used to assess vigilance or sustained atten-
tion) based on the Conners’ Continuous Performance Test
(Table 2). The authors highlighted “suggestive trends” (with
P valoes > 0.05 but << 0.10) between maternal prenatal urinary
TCPy and increasing hit reaction time block change and the
Coonners” Parental ADHD index among boys, but no appar-
ent trends were detected (P = (.18-0.99) for any other ADHD
SCreening measures.

The ELEMENT study henefits from prospective collection
of prenatal vrine specimens, its measurement of a specific
metabolite of chlorpyrifos, and its adjustment for numerous
potential confounders (excluding diet). The scope of the study
is confined by the measurement of only one OP insecticide
metabolite. Other limitations, which are shared by other
studies discussed in this review, include the lack of serial
biomonitoring, potential selection bias, possible outcome mis-
classification due to the use of parent-reported data, a modest
number of subjects, and mmitiple comparisons, with no ¢ pri-
ori hypothesis regarding why TCPy should be associated with
some measures of ADHD-related symptoms but not others.
Thus, chance must be considered as a reasonable explanation
for the two marginally significant trends detected among at
feast 27 tested. In general, the resuits of this study suggest no
consistent or convincing associations between prenatal TCPy
ievels and ADHD-related symptoms.

Shenvang birth cohort
In another prospective birth cohort study, 249 healthy pregnant
women were emrolled from a hospital in Shenyang, China,
between 2011 and 2012 and followed through delivery of a
healthy neonate (Table 1) (Zhang et al. 2014). The Neonatal
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Behavioral Neurological Assessment, developed for Chinese
newborns, was administered at 3 days of age to measure
functional abilities, reflexes and responses, and behavioral sta-
tus based on five scales: behavior, passive tone, active tone,
primary reflexes, and general assessment. Concentrations of
five DAP metabolites were measured in prenatal maternal vrine
(timing of collection not specified), with the following geomet-
ric means: 18.03 ug/l (IQR =7.83--39.43) for DMP, 8.53 pg/L

ug/L (LOD; IQR =LOD-LOD) for DEDTP.

In adjusted linear regression models, log, -unit increases
in maternal prenatal wrinary levels of DAPs, DMPs, and
DEPs were all significantly associated with lower summary
scores on the Neonatal Behavioral Newrological Assess-
ment (beta for DAPs = —1.78, 95% Cl= —2.12, —1.45;
beta for DMPs = — (.96, 95% Cl= — 1.35, —0.57; beta for
DEPs = — (.88, 95% CI = — 1.30, — 0.47) (Table 2). Signifi-
cant inverse associations were also observed between maternal
prenatal DAPs and DEPs and behavior, between DAPs and
DMPs and passive tone, between DAPs and DMPs and active
tone, and between DAPs and DMPs and primary reflexes.
These associations were detected in both boys and girds, and
with and without creatinine standardization. Analyses with
maternal prenatal urinary DAP concentrations categorived
into quintiles were consistent with linear inverse exposure—
response associations with all five outcomes examined. When
regression coefficients were standardized, the associations
between maternal prenatal urinary DAP levels and all out-
comes were stronger than those with gestational age, cord
blood lead levels, and maternal prenatal BML

Like other birth cohort studies, the Shenyang study is
strengthened by the measurement of urinary DAP metabolite
levels prior to the measurement of neurological outcomes,
which rules out reverse causality. However, urine specimens
appear to have been collected from various subjects at dif-
ferent times throughout pregnancy, and it may or may not he
plausible that exposures at different stages of neurodevelop-
ment would have the same effect on behavioral outcomes. The
participation rate (81%) among cligible women was relatively
high, thereby reducing concerns about selection bias, and
information was collected on numerous potential confound-
ers, therehy lessening the probability of strong confounding.
However, due to the reliance on a single biospecimen and the
measurement of non-specific DAP metabolites, the observed
inverse associations between prenatal DAP metabolite levels
and nconatal behavioral outcomes cannot reliably be inter-
preted as cavsal. In addition, the applicability of the cutcome
assessment instruoment outside of China, where it was devel-
oped and tested, is unknown.

Bradford Hill evaluation of weight of evidence

Some measures of neurodevelopnmental outcomes, including
the Brazelion Neonatal Behavioral Assessment Scale, the
Bayley Scales of Infant Development, the Wechsler Intelli-
gence Scales, the Conners’” Parent Rating Scales, and the Child
Behavior Checklist, were used in more than one study, but sev-
eral were not. Although all relevant studics of OP metabolites
and neurodevelopmental ontcomes were described in the pre-
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ceding section, outcomes that were uniquely evaluated in only
one study (e.g., brain morphology (Rauh ¢t al. 2012) and spe-
cific autonomic nervous system functions (Quiros-Alcala et al.
2611} are not inchaded in the weight-of-evidence evaluation
becanse of the absence of independent results for comparison.

Strength. As in the case of associations with birth outcomes,
the strength of observed associations between OP metabolites
and nevrodevelopmental outcomes cannot be compared read-
ily across studies, due to variations in the unit of exposure
measurement, the inconsisient use of Jogarithmic transforma-
tion or creatinine standardization of metabolite levels, out-
come measurement and classification methods, and the format
of reported results. “Strong” versus “weak” associations also
are not objectively defined, especially for continuous expo-
sures and outcomes. Even so, most observed associations
entail relatively modest changes in outcomes—for example,
ORs and RRs between (.5 and 2.0, and increases or decre-
ments of a few points on a scale standardized to a mean of
100 and 5D of 15. Confounding and bias cannot confidently
be ruled out as explanations for associations of such a magni-
tade. Several ORs around or above 5.0 were reported in the
CHAMACOS study (Eskenazi et al. 2010, Marks et al. 2010,
Rauh et al. 2006, Young et al. 2005), but most of these were
statistically unstable, with lower 95% confidence Limits near or
below 1.0. Although these associations with large ORs merit a
closer look, most of these and other reported associations are
statistically non-significant, making them consistent with no
assoctation between OP metabolites and nearodevelopmental
ouicomes.

Consistency. To evaluate the consistency of findings across
study settings, we assume that neurodevelopmental outcomes
evaluated using different assessment tools are reasonably com-
parable. In four studies conducted in four different settings,
neonatal behavior was evaluated using the Brazelton Neonatal
Behavioral Assessment Scale, the NICU Network Neurobe-
havioral Scale, and the Neonatal Behavioral Newrological
Assessment (Engel et al. 2007, Yolton et al. 2013, Young et al.
2005, Zhang et al. 2014). Three of these four studics found an
assoctation between prenatal OP metabolite levels and poorer
reflexes at or shortly after birth (Engel et al. 2007, Young et al.
2005, Zhang et al. 214). Three studies also showed no asso-
ciation with any other adverse neonatal behavioral outcomes
{(Engel et al. 2007, Yolton et al. 2013, Young ot al. 2005).
The statistically null results for poorer reflexes in the HOME
Study (Yolton et al. 2013), in which newborns were older at
the time of assessment than those in the other three studies,
may suggest that the association is no longer detectable by
age 5 weeks. Alternatively, the heterogeneity might be due
to chance, confounding or bias, or true differences in study
populations or assessment tools,

Among infants and toddlers evaluated in four different study
settings, behavioral outcomes were measured using the Bayley
Scales of Infant Development and the Gesell Developmental
Schedules (Engel et al. 2011, Eskenaz et al. 2010, Hskenazi
et al. 2007, Guodong et al. 2012, Lovasi et al. 2011, Rauh
et al. 2006). Although all three studies that measured pre- or
perinatal OP metabolites and used the Bayley Scales of Infant
Development found a significant inverse association between
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OP metabolite levels and scores on the Mental Development
Index (Engel et al. 2011, Eskenazi et al. 2007, Rauh et al.
2006), this apparent consistency is no longer evident after a
closer examination of results. Specifically, the CCCEH study
detected an association at 30 months among African American
children but not at 12 or 24 months or in Dominican children
(Rauh et al. 2006); the Mount Sinai CECS detected an asso-
ciation at 12 months but not at 24 months among black and
Hispanic children, and an association in the opposite direction
at 12 months among white children (Engel et al. 2011); and
the CHAMACOS cohort found an association at 24 months
but not at 6 or 12 months (Eskenazi et al. 2007). Thus, none
of these studies detected persistent decrements in the Mental
Development Index related to OP insccticide exposure across
infancy and early childhood age groups. No adverse cross-
sectional associations between child urinary OP metabolite
levels and mental development at 24 months were reported in
CHAMACOS (Eskenazi et al. 2007) and the Shanghai study
(Guodong et al. 2012), and most (three out of four) studies
did not detect any significant associations with infant psycho-
motor development (Engel et al. 2011, Eskenazi et al. 2007,
Guodong et al. 2012).

Four studies in four scparate scttings assessed cognitive
outcomes in preschool- and school-aged children using the
Wechsler Intelligence Scales, the Children’s Memory Scale,
the Wisconsin Card Sorting Test, and the Trail Making Tests,
although only the Wechsler Scales were used in more than one
study (Bouchard et al. 2011, Engel ot al. 2011, Lizardi et al.
2008, Rauh et al. 201 1). Two studies found an inverse associa-
tion between prenatal OP metabolite levels and the Wechsler
Working Memory Index at 7 years (Bouchard et al. 2011,
Rauh et al. 2011), but one study did not (Engel et al. 2011),
and another found no association based on child DAP levels
(Lizardi et al. 2008). In addition, one study found an inverse
association with the Wechsler Perceptual Reasoning Index at
age 7 vears (Bouchard et al. 2011) and another detected that
association among PONI o, QQ carriers (Engel et al. 2011),
whercas no significant associations were detected in the other
two studies (Lizardi et al. 2008, Ravh et al. 2011}, Three of four
studies detected no significant associations between prenatal
or child OP metabolite levels and the Wechsler Full-Scale 13,
Processing Speed, and Verbal Comprehension Scales (Engel
et al. 2011, Lizardi et al. 2008, Ravh et al. 2011).

Six studies in five settings evaluated ADHD and other
attention problems in preschool- and school-aged children
using the Child Behavior Checklist, the NEPSY visual
attention subtest, the Conners’ Parental Rating Scales and
Continuous Performance Test, the Hillside Behavior Rating
Scale, composite ADHD indices, the Diagnostic Interview
Schedule for Children 1V, the Strengths and Difficolties Ques-
tionnaire, and the Behavior Assessment System for Children
(Bouchard et al. 2010, Eskenazi et al. 2007, Fortenberry et al.
2014, Marks et al. 2010, Qulbote and Bouchard 2013, Raub
et al. 2006). Significant positive associations between pre-
natal or child OP metabolite levels and some (but not all, in
the case of CHAMACOS) measures of ADHD or attention
problems were detected in the CCCEH study at age 36 months
(Rauh et al. 2006). in the CHAMACOS cohort at age 5 years
{(Marks et al. 2010), and i NHANES at ages 8-15 years
{Bouchard et al. 2010, but not in the CHAMACOS cohort
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at ages 24 months and 3.5 years (Eskenazi et al. 2007, Marks
etal. 2010), the Canadian Health Measures Survey atages 6-11
years (Oulhote and Bouchard 2013), or the ELEMENT stmdy
at ages 6-11 years (Fortenberry et al. 2014). The consistency
of results across studies is difficult to judge, duc to differences
in measurement instruments, analytic approaches, the timing
of metabolite measurement, and the timing of newodevelop-
mental assessment; the internal inconsistency of the findings
in the CHAMACOS cohort also complicate interpretation.
Overall, the findings for ADHD and attention problems were
approsimately equally balanced between positive and null.

Other behavioral problems in preschool- and school-aged
children were measured in three study settings using the Child
Behavior Checklist and the Strengths and Difficulties Ques-
tionnaire (Eskenazi et al. 2010, Eskenazi et al. 2007, Oulhote
and Bouchard 2013, Raub et al. 2006). The only specific
behavioral outcome measured in more than one study was per-
vasive developmental disorder based on the Child Behavior
Checklist, which was positively associated with pre- or peri-
natal OP metabolite levels in the CCCEH study (Rauh et al.
2006) and the CHAMACOS study (Eskenazi et al. 2007).
Although scores from the Strengths and Difficulties Question-
naire have been shown to be highly correlated with those from
the Child Behavior Checklist (Goodman and Scott 1999), it is
unclear whether the global total difficulties scale—which was
not significantly associated with child urinary DAP, DMP, or
DEP metabolite levels in the Canadian Health Measures Sur-
vey {(Oulhote and Bouchard 2013)—is comparable to that for
pervasive developmental disorder based on the Child Behavior
Checklist.

In sumumary, multiple studies reported a variety of associa-
tions of OP metabolites with poorer reflexes in neonates and
working memory, perceptual reasoning, measures of ADHD
and attention problems, and pervasive developmental disorder
in school-aged children. However, this apparent consistency
was detected among only three studies for neonatal reflexes
and selected measures of ADHD and attention problems, and
only two studics for working memory, perceptual reason-
ing, and pervasive developmental disorder. In addition, there
were no associations across three studies for adverse neonatal
behavioral outcomes, infant psychomotor development, other
measures of ADHD and attention problems in school-aged
children, and full-scale 1Q, processing speed, and verbal com-
prehension in school-aged children.

When studies were closely compared according to design,
exposure metric, timing of exposure measgrement, age group
of subjects, and neurodevelopmental test, at most only two
studies were directly comparable. That is, the Mount Sinai
CECS (Engel et al. 2007 2011) and CHAMACOS (Young
et al. 2005, Eskenazi ¢t al. 2007, Bouchard et al. 2011) both
used a prospective cohort study design to evaluate prenatal
maternal DAP, DMP, and DEP levels in association with
neurodevelopmental outcomes measured using the Brazelton
Neonatal Behavioral Assessment Scale, the Bayley Scales
of Infant Development, and the Wechsler Intelligence Scale.
Other prospective birth cohort studies used some of these
neurodevelopmental tests but not the same exposure metrics
{Rauh et al. 2006 2011, Lovasi et al. 2011), the same exposure
metrics but different neurodevelopmental tests (Yolton et al.
2013), or different exposure and outcome measures (Forten-
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berry et al. 2014). Thus, using our g priori requirement of three
mdependent studies to evaluate the weight of epidemiologic
evidence (stated in the “Scope of review” section), the avail-
able data are insufficient to establish consistent associations
between specific OP metabolites and specific newodevelop-
mental ouicomes.

Temporality. Issues related to the temporality of measured
OF metabolites and neurodevelopmental outcomes are sinii-
lar to those discussed above in the evalnation of associations
with birth outcomes, except that perinatal or carly childhood
exposures could plausibly be related to subsequent neurode-
velopment. However, because little is known about the tim-
g of various ncurodevelopmental impairments, it is unclear
whether environmental exposures in early gestation, late
gestation, infancy, early childhood, or later clildhood—or
perhaps a combination of these—are most ctiologically rel-
evant. The paucity of knowledge about possible biological
mechanisms and latency periods in pewrodevelopment may
justify the practice of multiple comparisons, with exposuores
and outcomes measured at multiple time periods being tested
for associations. However, the pitfalls of this approach should
be acknowledged; it is scientifically invalid to test numerous
associations and choose the statistically significant ones as
being the ctiologically correct ones while dismissing the sta-
tistically non-significant associations.

Biological gradient. Although most studies implicitly
assumed a log-lincar exposure-outcome relationship between
OF metabolites and neurodevelopmental outcomes, several
explicitly tested for a biological gradient by categorizing
exposures into at least three ordinal categorics and assessing
trends across those categories, with mixed results. Specifically,
in the Mount Sinai CECS, although positive associations were
detected between a continuous increase in maternal prenatal
urinary DAP and DEP levels and number of abnormal reflexes
in neonates, the estimated association with DAP concentra-
tions was stronger for the sccond-lowest quartile than the high-
est {compared with the lowest), and the association with DEP
concentrations was stronger for the second-highest quartile
than the highest, suggesting a non-monotonic relationship
(Engel et al. 2007). In the same study, the inverse association
observed between maternal prenatal DAP and DMP levels
and the Bayley Mental Development Index at 12 months
among black or Hispanic infants appeared to be monotonic
when evaluated across tertiles of metabolite levels (Engel
et al. 201 1). In the CHAMACOS cohort, exposure-response
gradients were tested between quintiles of maternal prenatal

mal reflexes in infanis aged >3 days t0=2 months (Young
et al. 2005), as well as between guintiles of maternal prenatal
urinary DAP levels and all five Wechsler Intelligence Scale
measures at age 7 years (Bouchard et al. 2011). Although
Wechsler scores were consistently lower in the second than the
third quartile of prenatal DAP levels, significant monotonic
trends were detected in all of these analyses, supporting their
validity. No significant trends were detected between ordinal
categories of maternal prenatal urinary MDA and TCPy levels
and the Bayley Motor and Psychosocial Development Indices
at 6, 12, and 24 months {Eskenazi et al. 2007).

Crit Rev Toxicol, 2015; 45(7): 531-641

In NHANES data, ordinally increasing categories—unde-
tectable, below median, or above median—of urinary DMTP
(the only metabolite evaluated as a categorical variable) were
associated with progressively higher ORs for parent-reported
prevalent ADHD, suggesting a monotonic gradient {Bouchard
et al. 2010). In school-aged Mexican children, no statistically
significant monotonic trends were detected across increasing
tertiles of maternal prenatal wrinary TCPy levels and vari-
ous screening measures of ADHD (Forteaberry et al. 2014).
Borderline significant trends were detected with increasing
scores on the Conners’ Parental ADHD index among boys
(P, =0.06) and increasing hit reaction time block change
on the Conners’ Continuous Performance Test among boys
and girls combined, but evidence of non-monotonicity was
detected for both outcomes among girls. Finally, analyses
based on maternal prenatal vrinary DAP levels categorized
into quintiles clearly illustrated monotonic inverse associations
with the behavior, passive tone, active tone, primary reflexes,
and summary scores on the Neonatal Behavioral Neurological
Assessment among Chinese nconates, supporting the resualts
of linear regression models (Zhang et al. 2014). Overall, then,
most of this suhset of studies detected biological gradients
that strengthen the evidence in support of exposure-response
relationships between OP insecticide exposure and adverse
neurcdevelopmental outcomes, although some results were
not consistent with monotonic trends.

Plausibility and coherence. The biclogical plausibility and
coherence of the epidemiologic and toxicological evidence on
OP insecticides in relation to neurodevelopmental outcomes
was discussed above. The OP insecticide Jevels measured
in the epidemiclogic studies are far lower than would cause
meaningfiul AChE inhibition based on animal and (limited)
human toxicology data, and lower than has been established
as clinically significant in animal studies. There are no known
biological pathways for OP insecticides to cause the neurode-
velopmental effects examined in the epidemiologic studies.
Although the lack of established pathways docs not mean that
they do not exist, the existing evidence does not support a
causal interpretation.

A consideration in the evaloation of coherence of evidence
is whether observed interactions between OP metabolite
levels and PONT activity levels or genotypes suggest greater
susceptibility to adverse neurodevelopmental effects of OP
insecticides in individuals with lower PONT1 activity levels.
Three studies evaluoated such interactions. In the Mount Sinai
CECS, significantly stronger positive associations between
maternal prenatal DAP and DMP metabolite levels and hav-

among those with lower levels of maternal plasma PONI
enzymatic activity, with an increasing eXposure—response
pattern in the RR across tertiles of decreasing PONI activity
(Engel et al. 2007). By contrast, in the same cohort, mixed
results were obtained in analyses of interactions of maternal
prenatal wrinary DAP, DMP, and DEP levels with PON]
PONI 5510 and PONI o > . polymorphisms and PONI
enzymatic activity (Engeletal. 2011). In particular, PON/
genotype interacted with prenatal DAP and DMP levels in
the expected direction (i.e., with stronger adverse associa-
tions in R allele carriers) with respect to the Bayley Mental
RIOHTSE
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Figure 3. Hstimated associations between maternal prenatal urinary DAP levels and birth outcomes. Circles indicate estimated regression cocfficients
(betas), with 95% Cls indicated by whiskers. Exposures are log,, DAP concentrations in nmol/g creatinine (Wolfl et al. 20607), nmol/l. (Hskenazi
et al. 2004}, and nmol/L, creatinine-standardized (Rauch et al. 2012). A, Associations with birth weight in grams. B. Associations with birth length in
centimeters. C. Associations with head circumference in centimeters. . Associations with ponderal index in grams per cubic centimeter. E. Associations
with gestational age in weeks.

Development Index at 12 months in blacks and Hispanics, genotype and enzyme measures or neurodevelopmental out-
but opposite to the hypothesized direction with respect (o comes tested. In the CHAMACOS study, interactions were
the Wechsler Perceptual Reasoning Index at 6-9 years, and examined between maternal prenatal urinary DAP, DMP,
no significant interactions were found for the other PON1 and DEP levels and maternal and child PONI enzyme mea-
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surements and genotypes with respect to the Bayley Mental
and Psychomotor Development Indices and Child Behavior
Checklist pervasive developmental disorder score (Eskenazi
et al. 2010). No apparent interactions or patterns suggest-
ing higher susceptibility with lower PONI acuivity were
detected. Altogether, these limited findings do not provide
consistent, coherent evidence to support the hypothesis that
low PONI1 activity levels augment individual susceptibility
to impaired neurodevelopment from OP insecticide expo-
sure. One possible reason for the lack of consistent evidence
for higher susceptibility with lower PON1 activity is that not
all OP insccticides are detoxified by PON1 (Coombes et al.
2614, Additonally, Coombes et al. (2014) found that PON1
may pot affect metabolism of chlorpyrifos at environmen-
tally relevant exposures.

Specificity, experiment, and analogy. As discussed in the evalu-
ation of the weight of evidence on OP insecticides and birth out-
comes, no specificity is evident in the relationships between any
particular OF insecticide and any particular neurodevelopmental
outcome. Relevant experimental or quasi-experimental evidence
pertaining to low-dose OP insecticide exposure and adverse neu-
rodevelopmental outcomes in humans is Jacking, and analogies
to other neurctoxic or non-neurotoxic prenatal exposures do not
convincingly confirm or negate a causal hypothesis.

2
Bela estimate

(Continued).

Discussion

This paper reviews a large body of epidemiologic literature
and weighs the overall evidence using the framework of the
Bradford Hill guidelines. In this section, we focus on three
prospective cohort studies (CECS, CHAMACOS, and HOME)
that we judged to have the most informative design, and that
measured maternal prenatal urinary DAP levels prior to birth
or neurodevelopmental outcomes. In addition, we focused
on associations with total vrinary DAPs in all study subjects
combined, to facilitate comparisons across studies, because
DAPs were the common exposure meiric. Where available,
we used associations with creatinine-standardized wrinary
DAP levels and those that were folly adjusted for potential
confounders,

As shown in Figure 3, these most informative cohort
studics on balance reported no consistent significant asso-
ciations between maternal prenatal urinary DAP levels and
birth weight, birth length, head circumference, ponderal
index, or gestational age. Figure 4 shows that, in general,
there was also a lack of a significant association between
maternal prenatal urinary DAP levels and most measures
of neonatal neurodevelopment. Urinary DAP levels were
significantly associated with increased risk of abnormal
reflexes at birth in two studies (Engel et al. 2007, Young
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Tigure 4. Estimated associations between maternal prenatal urinary DAP levels and neurodevelopmental outcomes. Circles indicate estimated regression
coefficients {betas), except for associations with abnormal reflexes in neonates, where circles indicate estimated relative risks. Whiskers indicate 93%
Cls. Bxposures are log, , DAP concentrations in nmol/L. (Engel et al. 2007, Engel etal. 2011, Young et al. 2005, and Bouchard et al. 2011) and in nmol/g
creatinine {converted from log,) (Yolton et al. 2013). A. Associations with neurodevelopmental outcomes in neonates. Most quantitative estimates were
not reported by Yolton et al. (2013). who stated that associations not shown were statistically non-significant. B. Associations with neurodevelopmental
outcomes in infants. C. Associations with nearodevelopmental outcomes in children.

et al. 2005), though not in the third cohort (Yolton et al.
2013). No consistent significant associations were detected
between maternal prenatal urinary DAPs and Bayley

measures of neurodevelopment in infancy. Several sig-
nificant associations between prenatal urinary DAPs and
Wechsler measures of cognitive development in childhood
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were detected in one study (Bouchard et al. 2011), but not
the other (Engel et al. 2011), although point estimates in
the latter study were below the null value.

Overall, these three mostinformative and comparable studies
did not cstablish any consistent associations between maternal
prenatal urinary DAP levels and birth or newrodevelopmental
cutcomes. Although results for abnormal neonatal reflexes and
poorer childhood cognitive development suggested a possible
association, these were not entirely consistent across studies
and require independent confirmation.

In summary, associations observed between OF metabolites
and birth cutcomes in epidemiologic studies have been mostly
weak or imprecise, inconsistent, temporally ambiguous, not
clearly monotonic, not biologically plausible or coherent with
toxicological evidence given the estimated degree of AChE
inhibition at chserved DAP concentrations, and not specific to
any OP insccticide or health outcome. Associations between
OF metabolites and neurodevelopmental outcomes in observed
in these epidemiologic smdies likewise do not unequivocally
meet any of the Bradford Hill guidelines. Sir Austin Bradford
Hill stated that none of these guidelines mwust necessarily
be met to establish a cauosal relationship: “None of my nine
viewpoints can bring indisputable evidence for or against the
cause-and-effect hypothesis and none can be required as a
sine gua non” (Hill 1965). Some might consider the standards
for causality used in this analysis as restrictive (e.g., use of
Bradford Hill, criteria for agreement across three independent
studies). It is possible that the uvse of other standards could
yield different conclusions.

The inconsistencies across the studies also have to be con-
sidered in Light of the lack of a biologically plausible mecha-
nism for the adverse birth cutcomes or ncurodevelopmental
effects evaluated in the studies. Even far less severe effects,
such as mild AChE inhibition, occur at dosages that are sub-
stantially higher than the OP insecticide levels measured in the
epidemiologic studies.

A common limitation of existing studies is their reliance on
aan-specific DAP metabolites measuored in one or two urine
specimens, Given the high variability of DAP metabolite lev-
cls in tme-series analysis, more frequent sampling is needed
to more accurately estimate exposure during pregnancy. In
addition, studies with repeated serum or plasma measure-
ments could provide further insight into the relationship of
OP exposure with birth outcomes, childhood growth, and ncu-
rodevelopment. Standardization of exposures and neurodevel-
opmental measures would also aid comparisons across studies.
In general, stadics must be larger to enable statistically robust
analyses of gene/environment inferactions; to this end, pooling
of study populations might be useful. However, efforts should
be made to recognize and adjust for the expected frequency of
false-positive results that arise due to multiple comparisons,
especially in exploratory analyses (Wacholder et al. 2004,
Glickman et al. 2014). In light of the existing himitations and
inconsistency of studies, the body of epidemiologic data avail-
able at this time does not convincingly demonstrate an effect
of low-level OP insccticide exposure on any adverse health
outcomes in humans,

Although or goal was to include all relevant data on this
topic, it is possible that some studies published in non-English

journals were missed in our review. It is also possible that the

Crit Rev Toxicol, 2015; 45(7): 531-641

current literature is subject to publication and reporting bias.
it is has been shown empirically that null results in general
are less likely to be reported (Dickersin and Min 1993, Dwan
et al. 2008), or if reported, presented in the conclusions (Kyzas
et al. 2007).

Conclusions

Recent epidemiologic studies on balance have found weak and
inconsistent associations of maternal exposures to OP insec-
ticides with birth outcome and neurodevelopmental testing
results in the offspring. Perhaps the most important Himitation
of the extant literature is the exposure classification, which is
subject to sigmificant uncertainties due to himited sampling
during pregnancy, despite the high temporal variability in
exposure. In addition, the available studies cannot differentiate
metabolites that form directly on and in food items and are not
the result of OP insecticide exposure. Given the heterogeneity
across studies in terms of overall design, types of exposuare
biomarkers assessed, timing of exposure measurement, birth
outcomes, neurodevelopmenial tesis, statistical modeling
approaches, and reporting of results, mter-study comparisons
are challenging, and consisicncy of findings has not been
established.

The available toxicology data show that the dosages
required to cause ACRE inhibition are far higher than the
levels observed in the epidemiologic studies, a finding that
raises further uncertainties about the biclogical plausibility
of the epidemiologic findings. Nonetheless, the studics evalu-
ate potential effects of major public health importance, and
some of the findings, particularly poorer reflexes in neonates,
ADHD/attention problems, lower cognitive scores in preschool
or school-aged children, and changes in brain morphology,
warrant additional study.

Aecknowledgements

The authors gratefully acknowledge the review and com-
ments from six anonymous reviewers selected by the editor.
The manuscript was significantly strengthened as the result of
these reviews. The authors also gratefully acknowledge Mr.
Rick Nelson at Exponent for providing a careful editing of the
manescript.

Declaration of interests

The research reported in this paper was sponsored by
CroplLife America, which represents agrochemical compa-
nies that manufacture OP insecticides, under a contract with
Exponent. RIR and MG were subcontractors to Exponent.
CropLife America reviewed the paper, but the authors had
ultimate authority to determine its content. The author’s
affiliations are listed on the cover page. RR and ETC work
for Exponent, which performs risk assessment consulting for
companics that produce OP insecticides. RR has served as
an expert witness on behalf of defendants for cases involv-
ing OP insecticides, though not related to the topics in this
paper. RIR has been the Principal Investigator on research
grants and research donations to the University of Michigan
from Dow Chemical Company and Dow AgroSciences. He
has alsc been appointed by the University of Michigan as the
Dow Professor of Toxicology, a professorship endowed by

BIGgHTSH

ED_002519_00011282-00108




Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
For personal use only.

DOI Low-level OF insectide exposures

the Dow Foundation. In addition, he has served as a consul-
tant and expert witness on behalf of Dow Chemical Company
and Dow AgroSciences.

References

Abu-Saad K, Fraser D). (2010). Maternal nutrition and birth outcomes.
Epidemiol Rev, 32, 5-25.

Andres RL, Day MC. (2000). Perinatal complications associated with
maternal tobacco use. Semin Neonatol, 5, 23141,

Anjos T, Altmae 3, Emmett P, Tiemeier H, Closa-Monasterolo R, Luque
V, et al. (2013). Nutrition and neurodeveloproent in children: focus on
NUTRIMENTHE project. Bur J MNutr, 52, 182542,

Attfield KR, Hughes MD, Spengler JD, Lu . (2014). Within- and between-
child variation in repeated arinary pesticide metabolite measarements
over a l-year period. Environ Health Perspect, 122, 201-6.

Aviram M, Vaya J. (2013). Paraoxonase 1 activities, regulation, and
interactions with atherosclerotic lesion. Curr Opin Lipidol, 24, 33944,

Barr DB, Ananth V. Yan X, Lashley S, Smulian JC, Ledoux TA, etal..
(2010). Pesticide concentrations in maternal and umbilical cord
sera and their relation to birth outcomes in a population of pregnant
women and newborns in New Jersey. Sci Total Eaviron, 408,
790--5.

Berkowitz GS, Wetmur JG, Birman-Deych E, Obel ], Lapinski RH,
Godbold JH, et al. (2004). In utero pesticide exposure, maternal
paraogonase activity, and head circumference. Environ Health
Perspect, 112, 388-91.

Berman T, Goldsmith B, Goen T, Spungen J, Novack 1, Levine H,
et al. (2013). Urinary concentrations of organophosphate pesticide
metabolites in adults in Israel: demographic and dietary predictors.
Environ Int, 60. 183-9.

Bliddal M., Olsen J, Stovring H, Enksen HL. Kesmodel US,
Sorensen 11, Nobr EA. (2014). Maternal pre-pregnancy BMI and
intelligence quotient () in 5-year-old children: a cohort based
study. PLoS One, 9, 94498,

Boon P, Van der Voet H, Van Raay MT, Van Klaveren JDB. (2003).
Cuomulative risk assessment of the exposure to organophosphorus
and carbamate insecticides in the Dutch diet. Food Chem Toxicol, 46,
3090-8.

Bouchard M, Gosselin NH, Brunet RC. Samuel O. Dumoulin MJ,
Carrier G. {2003). A toxicokinetic model of malathion and its
metabolites as a tool to assess human exposure and risk through
rpezsurements of urinary biomarkers. Toxicol Sci, 73, 18§2-94.

Bouchard MFE, Bellinger DC. Wright RO, Weisskopf MG, (2010).
Attention-deficit/hyperactivity disorder and urinary metabolites of
organophosphate pesticides. Pediatrics, 125, e1270-7.

Bouchard MF, Chevrier J, Hadey KG, Kogut K, Vedar M, Calderon N,
et al. (2011). Prenatal exposure to organophosphate pesticides and 1Q
in 7-year-old children. Environ Health Perspect, 119, 1189-95.

Bradman A, Eskenazi B, Barr DB, Bravo R, Castorina R, Chevrier J, et al.
{2005). Organophosphate urinary metabolite levels during pregnancy
and after delivery in women living in an agricultural community.
Environ Health Perspect, 113, 1802-7.

Bradman A, Kogut K. Eisen EA, Jewell NP, Quiros-Alcala L, Castorina
R, et al. (2013). Variability of organophosphorous pesticide metabolite
levels in spot and 24-hr urine samples collected from young children
during | week. Environ Health Perspect, 121, 118-24.

Burkhalter T™M, Hillman CH. (2011). A narrative review of physical
activity, nutrition, and obesity to cognition and scholastic performance
across the human lifespan. Adv Nutr, 2, 2018-68.

Burns J, Melntosh LI, Mink PI, Jurek AM, Li AA. (2013}
Pesticide exposure and neurodevelopmental outcomes: review of the
epidemiologic and animal stadies. J Toxicol Environ Health B Crit
Rev, 16, 127-283.

Cantor KP, Blair A, Everett G, Gibson R, Burmeister LF, Brown LM,
et al. (1992). Pesticides and other agricultural risk factors for non-
Hodgkin's lymphoma among men in Jowa and Minnesota. Cancer Res,
52, 244755,

Carr RL, Adams AL, Kepler DR, Ward AB, Ross MK, (2013). Induction
of endocannabinoid levels in juvenile rat brain following developmental
chlorpyritos exposure. Toxicol Sci, 135, 193-201.

Centers for Disease Control and Prevention (CDC). (2014). National
Health and Nutrition Examination Survey. CDC Website. htip//www.
cde.gov/nchs/nhanes. hto.

Low-level OP insectide exposures 639

Chen L, Zhao T, Pan <, Ross I, Ginevan M, Vega H, Krieger R. (2013).
Absorption and excretion of organophosphorous insecticide biomarkers
of malathion in the rat: implications for overestimation bias and
exposure misclassification from environmental biomonitoring. Regul
Toxicol Pharmacol, 65, 287-93.

Chen L, Zhao T, Pan C, Ross JH, Krieger RI. {2012). Preformed
biomarkers including dialkylphosphates (DAPs) in produce may
confound biomonitoring in pesticide exposure and risk assessment.
J Agric Food Chem, 60, 9342-51.

Claeys WL, De Voghel S, Schmit JE, Vromman V. Pussemier L. (2008).
Exposure assessment of the Belgian population to pesticide residues
through fruit and vegetable consumption. Food Addit Contarn Part A
Chem Anal Control Expo Risk Assess, 25, 851-63.

Coombes RH, Meck EC, Dail MB, Chambers HW, Chambers JE. (2014).
Human paraoxanase ! hydrolysis of nanomolar chlorpyrifos-oxon
concentrations is unaffected by phenotype or $192R genotype. Toxicol
Lett, 230, 57-61.

Curl CL, Fenske RA, Elgethun K. (2003). Organophosphorous pesticide
exposure of urban and suburban preschool children with organic and
conventional diets. Environ Health Perspect, 111, 377-82.

Dickersin K, Min Y1 (1993). Publication bias: the problem that won’t go
away. Ann NY Acad Sci, 703, 135-46: discussion 146138,

Duggan A, Charnley G, Chen W, Chukwudebe A, Hawk R, Krieger RL,
et al. 2003, Dialkyiphosphate biomonitoring date ssing cunmiative
exposure ta organophosphate pesticides. Regul Toxicol Pharmacol, 37,
382-95.

Dwan K, Altman DG, Arnaiz JA, Bloom I, Chan AW, Cronin E,
et al. (2008). Systematic review of the empirical evidence of study
publication bias and outcome reporting bias. PLoS One. 3, e3081.

Gonzales BT, Baver SB. (1999). Pediatric urology practice. Philadelphia,
PA: Lippincott Williams , & Wilkins.

Haton DI, Daroff RB, Actrup H, Bridges J, Buffler P, Costa 1.G,
et al. (2008). Review of the toxicology of chlorpyrifos with an emphasis
on human exposure and neurodevelopment. Crit Rev Toxicol, 38,
1-125.

Eddieston M, Buckley NA, Eyer P, Dawson AH. (2008). Mapagement of
acute organophosphorus pesticide poisoning. Lancet, 371, 597-607.
Engel 3M, Berkowitz GS, Barr DB, Teitelbaom SL, Siskind J, Meisel 8],
et al. (2007). Prenatal organophosphate metabolite and organochlorine
levels and performance on the Brazehon MNeonatal Behavioral
Assessment Scale in a multiethnic pregnancy cohort. Am J Epidemiol.

165, 1397-404.

Engel SM, Wetimr I, Chen J, Zhu €, Barr DB, Caunfield RL, Wolff MS.
(2011). Prenatal exposure to organophosphates, paraosonase I, and
cognitive development in childhood. Environ Health Perspect, 119,
1182-8.

Hskenazi B, Harley K. Bradman A, Weltzien E, Jewell NP, Barr DB, etal.
(2004). Association of in utero organophosphate pesticide exposure
and fetal growth and length of gestation in an agricultaral population.
Hoviron Health Perspect, 112, 1116-24.

Eskenazi B, Huen K, Marks A. Harley KG, Bradman A, Barr DB.
Holland N. (2010). PONI and neurodevelopment in children from the
CHAMACOS study exposed to organophosphate pesticides in utero.
Haviron Health Perspect, 118, 1775-81.

Eskenazi B, Marks AR, Bradman A, Hadey K, Barr DB, Johnson €, et al.
{2007). Organophosphate pesticide exposure and neurodevelopment in
young Mexican-American children. Environ Health Perspect, 115, 792-8.

Terioli A, Maroni M. (2011). Biological monitoring. In: La Ferla T,
Lavuwerys RR, eds. Encyclopedia of Occupational Health and Safety.
Geneva, Switzertand: International Labor Organization.

Fortenberry (GZ, Meeker JD, Sancher BN, Barr DB, Panowet P,
Bellinger D, et al. (2014). Urinary 3,5,6-trichloro-2-pyridinol
(TCPY) in pregnant women from Mexico City: distribution, temporal
variability, and relationship with child attention and hyperactivity.
Int J Hyg Environ Health, 217, 405-12.

Garfitt 81, Jones K, Mason HJI, Cocker J. (2002). Exposure to the
organophosphate diazinon: data from a human volunteer study with
oral and dermal doses. Toxicol Lett, 134, 105-13.

Giles D, Dickson 1. (2000). A randomized double blind ascending single
oral dose study with malathion to determine the no eftect level on
plasma and RBC cholinesterase activity. Tranent, Scotland: Inveresk
Research,

Glickman ME, Rac SR, Schultz MR, (2014). False discovery rate control
is a recommended alternative to Bonferroni-type adjustments in health
studies. J Clin Epidemiol, 67, 850-7.

BIOMTSE

ED_002519_00011282-00109




Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
For personal use only.

640 R Reiss et al.

Gonzales BT, Baver 8B. (1999). Pediatric urology practice. Philadelphia,
PA: Lippincott Williams & Wilkins.

Goodman R, Scott 5. (1999), Comparing the strengths and difficulties
questionnaire and the child behavior checklist: is small beautiful?
J Abnorm Child Psychol, 27, 17-24.

Gordis L. (2013). Epidemiology. 5th ed. Philadeiphia: Elsevier.

Griffith W, Carl CL, Tenske RA, 1u CA, Vigoren EM, Faustman EM.
(2011). Organophosphate pesticide metabolite levels in pre-school
children in an agricultural conwmunity: within- and between-child
variability in a longitudinal study. Environ Res, 111, 751--6.

Guodong D, Pet W, Ying T, Jun Z, Yu G, Xiaojin W, et al. (2012).
Organophosphate pesticide exposure and newrodevelopment in young
Shanghai children. Environ Sci Technol. 46, 2911-7.

Harley KG. Huen K, Aguilar Schall R, Holland NT, Bradman A,
Barr DB. Eskenazi B. (2011). Association of organophosphate
pesticide exposure and paracxonase with birth outcome in Mexican-
American women. PLoS One, 6, 23923,

Hill AB. (1965). The environment and disease: association or causation?.
Proc R Soc Med, 358, 295300,

Horton MK, Kahn LG, Perera ¥, Barr DB, Rauh V. (2012). Does the
home environment and the sex of the child modity the adverse effects
of prenatal exposure to chlorpyrifos on child working memory?
Neurotoxicol Teratol, 34, 53441,

Jensen AYF, Petersen A, Granby K. (2003). Cumulative risk assessment
of the intake of organophosphorus and carbamate pesticides in the
Danish diet. Food Addit Contam, 20, 776435,

Jensen BH, Petersen A, Christensen T. (2009). Probabilistic assessment
of the cumulative dietary acute exposure of the population of Denmark
to organophosphorus and carbamate pesticides. Food Addit Contam
Part A Chero Anal Control Expo Risk Assess, 26, 103848,

Jurek AM, Greenland S, Maldonado G. (2008). How far from non-
differential does exposure or disease misclassification have to be to
bias measures of association away from the nall? Int J Epidemiol, 37,
382-5.

Jurek AM. Greenland §, Maldonado G, Church TR, (2005). Proper
interpretation of non-differential misclassification effects: expectations
vs observations. Int I Epidemitol, 34, 680-7.

Krasowski MD, Mcgehee DS, Moss I (1997). MNatural inhibitors of
cholinesterases: plications for adverse drug reactions. Can J Anaesth,
44, 525-34.

Krieger RI, Chen L. Ginevan M, Watkins D, Cochran RC,
Driver JH, Ross JH. 2012. Implications of estimates of residential
organophosphate exposure from dialkylphosphates (BAPs) and their
relevance to risk. Regul Toxicol Pharmacol, 64, 263-66.

Kyzas PA, Denaxa-Kyza D, foannidis JP. (2007). Almost all articles on
cancer prognostic markers report statistically significant results. Europ
J Cancer, 43, 2559-2579.

letkowitz LI, Rupina JM. Hirth NL, Henry RM, Noland GY,
Barbee J¥ 1. etal. (2007). Intraindividual stability of human erythrocyte
cholinesterase activity. Clin Chem, 33, 1358-1363.

Lester BM, Tronick EZ, Brazelton TB. (2004). The Neonatal Intensive
Care Unit Network Neurobehavioral Scale procedures. Pediatrics, 113.
64167

Li B, Sedlacek M., Manoharan I, Boopathy R, Duysen EG, Masson P,
Lockridge O (2003). Butyrylcholinesterase, paraoxonase, and albumin
esterase, but not carboxylesterase, are present in human plasma.
Biochen: Pharmacol, 70, 16731684,

1i AA, Lowe KA, Mcintosh 1Y, Mink PJ. (2012). Evaluation of
epidemiology and animal data for risk assessment: chlorpyrifos
developmental neurobehavioral outcomes. J Toxicol Environ Health B
Crit Rev, 15, 109-84.

Lizardi PS, O'Rourke MK, Morris RI. (2008) The effects of
organophosphate pesticide exposure on Hispanic children’s coguaitive
and behavioral functioning. J Pediatr Psychol, 33, 91101,

Lovast GS, Quinn JW, Rauh VA, Perera FP, Andrews HF, Garfinkel R,
etal. (2011). Chlorpyrifos exposure and urban residentizl covironment
characteristics as determinants of early childhood neurodevelopment.
A J Public Health, 101, 63-70.

Lo C, Barr DB, Pearson MA, Waller LA (2008). Dietary intake
and its contribution to longitudinal organophosphorus pesticide exp-
osure in urban/suburban children. Environ Health Perspect, 116,
537-42.

Macharia M, Kengne AP, Blackhurst DM, Erasmus RT, Matsha TE.
(2014). The impact of chronic untreated hyperglyvcaemia on the long-
termn stability of paraoxonase 1 (PONI1) and antioxidant status in
homan sera. J Clin Pathol, 67, 35-9.

Crit Rev Toxicol, 2015; 45(7): 531-641

Medina JL., Reinicke &, Simpfendorfer R, Roa A, Oliveros H, Bardisa 1.,
Rudolph ML (1993). Characterization and distribution of cholinesterase
activity in mouse uterine horns: changes in estrous cycle. Comp
Biochem Phys C, 106, 473-78.

Marks AR, Harley K, Bradman A, Kogut K, Barr DB. Johason , et al.
(2018}, Organophosphate pesticide exposure and attention in young
Mexican-American children: the CHAMACOS study. Environ Health
Perspect, 118, 176874,

Marshall NE, Spong CY. (2012). Obesity, pregnancy coraplications, and
birth outcomes, Semin Reprod Med, 30, 465-71.

Mason JB, Saldanha L5, Ramakrishnan U, Lowe A, MNoznesky EA,
Girard AW, et al. (2012). Opportunities for improving maternal
nutrition and birth outcomes: synthesis of country experiences. Food
Nutr Bull, 33, 8104-37.

MceDaniel CY, Dail MB, Wills RW, Chambers HW, Chambers JE. (2014)
Paraoxonase 1 polymorphisms within a Mississippi USA population
as possible biomarkers of enzyme activities associated with disease
susceptibitity. Biochem Genet, 52, 509-23.

Mileson BE., Chambers JEH, Chen WL, Dettbarn W, Ehrich M,
Eldefrawi AT, et al. (1998) Common mechanism of toxicity: a case
study of organophosphorus pesticides. Toxicol Sci, 41, 8-20.

Millichap JG, Yee MM. (2012). The diet factor in attention-
deficit/hyperactivity disorder. Pediatrics, 129, 330-7.

Mink PJ. Kimmel CA. 1i AA. (2012). Potential effects of chlorpyrifos
on fetal growth outcomes: implications for risk assessment. J Toxicol
Env Heal B, 15, 281-316.

Morgan MK, Sheldon L5, Jones PA, Croghan CW, Chuang IC,
Wilson NK. (2011). The reliability of using urinary biomarkers to
estimate children’s exposures to chlorpyrifos and diazinon. J Expo Sci
Environ Epidemiol, 21, 280-90.

Neggers YH, Goldenberg RL, Ramey SL, Cliver SP. (2003). Maternal
prepregnancy body mass index and psychomotor development in
children. Acta Obstet Gynecol Scand, §2, 235-40.

Nougadere A, Sirot V, Kadar A, Fastier A, Truchot E, Vergnet C, etal. (2012).
Total diet study on pesticide residues in France: levels in food as consumed
and chronic dietary risk to consamers. Environ Int, 45, 135-50.

Cathote Y, Bouchard MFE. (2013). Urinary metabolites of organophosphate
and pyrethroid pesticides and behavioral problems in Canadian
children. Environ Health Perspect, 121, 1378-84.

Ozarowski M, Mikolajezak PL, Bogacz A, Gryszezynska A, Kujawska
M, Jodynis-Liebert J, et al. (2013). Rosmarinus officinalis 1. leaf
extract improves memory impairment and affects acetylcholinesterase
and butyrylcholinesterase activities in rat brain. Fitoterapia, 91,
261-71.

Pererz FP, Rauh ¥V, Tsai WY, Kinney P, Camann D, Barr D, et al. (2003).
Effects of transplacental exposure to environmental poliutants on birth
outcomes in a rmultiethnic population. Environ Health Perspect, 111,
201-5.

Quiros-Alcala L, Alkon AD, Boyce WT. Lippert 8, Davis NV,
Bradman A. et al. (2011). Maternal prenatal and child
organophosphate pesticide exposures and children’s autonomic
function. Neurotoxicology, 32, 646-55.

Rauch SA, Braun JM, Barr DB, Calafat AM, Khoury I, Montesano AM,
et al. (2012). Associations of prenatal exposure to organophosphate
pesticide metabolites with gestational age and birth weight. Fnviron
Health Perspect, 120, 1055-60.

Rauh V, Arunajadai 5. Horton M, Perera F, Hoepner L, Barr DB,
Whyatt R. (2011). Seven-year neurodevelopmental scores and prenatal
exposare to chlorpyrifos, a common agricultural pesticide. Environ
Health Perspect, 119, 1196-201.

Rawh VA, Garfinkel R, Perera FP, Andrews HFE, Hoepner L, Barr DB, etal.
(2006). Impact of prenatal chlorpyrifos exposure on neurodevelopment
in the first 3 years of life among inwer-city children. Pediatrics, 118,
e1845-59.

Rauh VA, Perera FP, Horton MK, Whyatt RM, Bansal R, Hao X, et al.
(2012). Brain anomalics in children exposed prenatally to a cornmon
organophosphate pesticide. Proc Natl Acad Sci U 5 A, 109, 7871-6.

Reiss R. (2012). Benchmark dose modeling for an omethoate acute
comparative cholinesterase study in neonatal and adelt rats. Prepared
for Cheminova, Inc. Exponent report murnber YAI0332.000 BOTO
0212 RR22.,

Rice D, Barone 5 Jr. (2000). Critical periods of vulnerability for the
developing nervous system: evidence from humans and antmal models.
Environ Health Perspect, 108, 511-33.

Rothman KJ, Greenland 5, Lash TL. (2012).Modern epidemiology.
3rd ed. (revised). Philadelphia, PA: Lippincott Williams & Wilki

BIOMTSE

ED_002519_00011282-00110



Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
For personal use only.

DOI Low-level OF insectide exposures

Sandjaja, Poh BEK, Rojroonwasinkal N, Le Nyugen BK, Budiman B,
Mg LO, et al. (2013). Relationship between anthropometric indicators
and cognitive performance in Southeast Asian school-aged children.
BrJ Nutr, 110, $57-64,

Schrader C, Rimbach G. (2011). Determinants of paraoxonase 1 status:
genes. drugs and nutrition. Corr Med Chem, 18, 5624-43.

Sexton K, Ryan AD. (2012) Using exposure biomarkers in children
to compare between-child and within-child variance and calculate
correlations among siblings for multiple environmental chemicals.
J Expo Sci Environ Epidemiol .22, 16-23.

Slotkin TA, Seidler Fi. (2007). Comparative developmental neuro-

toxicity of organophosphates in vivo: transcriptional responses of

pathways for brain cell development, cell signaling, cytotoxicity and
neurotransmitter systems, Brain Res Bull, 72, 232-74.

Smithers LG. Lynch JW. Yang S, Dahhou M, Kramer M3, (2013). Impact
of neonatal growth on I} and behavior at early school age. Pediatrics,
132, e33-60.

Solecki R. (2002). Pesticide residues in food - 2002 - joint TAG/WHO
rpecting on pesticide residues - acephate. IPCS International Program
on Chenycal Safety [Online] Available At http:/www.Inchem. Org/
Documents/Fmpr/Impmono/2002pr02. Him. Accessed on 14 July 2014,

Soraban T, Gilthorpe MS. (1994). Non-differential misclassification
of exposure always leads to an underestimate of risk: an incorrect
conclusion. Occup Environ Med, 51, §39-40.

Stromberg U, Bjork J, Broberg K, Mertens F, Vineis P (2008). Selection
of influential genetic markers among a large momber of candidates
based on effect estimation rather than hypothesis testing: an approach
for genome-wide association studies. Epidemiology, 19, 302-8.

Sudakin DL, Stone DIL. (2011). Dialkyl phosphates as biomarkers of
organophosphates: the current divide between epidemiclogy and
clinical toxicolagy. Clin Toxicol, 49, 771-81.

Timchalk C, Nolan RJ, Mendrala AL, Dittenber DA, Brzak KA,
Mausson JL. (2002). A Physiologically based pharmacokinetic
and pharmacodynamic (PBPK/PD)Y model for the organophosphate
insecticide chlorpyrifos in rats and bumans. Toxicol Sci, 66, 34-53.

U.5. Department of Agriculture (USDA). (2014). Pesticide data program.
annual summary, calendar year 2012, In: Agriculture USDO {(ed.).
Washington, DC: US. Department of Agriculture.

U.S. Envirompental Protection Agency (EPA). (2009a). Dimethoate:
haman health assessment scoping document in support of registration
review. USEPA Office of Pesticide Program.

U.S EHavironmental Protection Agency {EPA). 2009%. Registration
eligibility decision (RETD) for malathion. USEPA Office of Pesticide
Program,

LS. Environmental Protection Agency (HPA). (2003} Dimethoate
and omethoate: comparative toxicity and determination of toxicity
adjustment factors. (addendum to HED nos. 0050651 and 0050901 ).
USEPA Ofice of Pesticide Programs,

U.S. Envirompental Protection Agency (EPA). (2011). Chlorpyrifos:
preliminary human health risk assessment for registration review.
USEPA Ofice of Pesticide Programs (ed.),

US Environmental Protection Agency (EPA). (2002). Guidance on
cumdative risk assessment of pesticide chemicals that have a common
mechanism of toxicity. USEPA Ofice of Pesticide Programs,

US Environmental Protection Agency (EPA). (2000). Office of pesticide
programs science policy on the use of data on cholinesterase inhibition
for risk assessments of organophosphorous and carbamate pesticides.
USEPA Office of Pesticide Programs.

Tacholder 5, Chanock S, Garcia-Closas M, Hl Ghormli L., Rothman N,
(2004). Assessing the probability that a positive report is falser an

Low-level OP insectide exposures 641

approach for molecular epidemiology studies. J Natl Cancer Inst, 96,
434-42.

Wacholder 8, Hartge P, Lubin JH., Dosemeci M. (1995). Non-differential
misclassification and bias towards the null: a clarification. Occup
Environ Med, 52, 557-8.

Wakefield 1. (2007). A Bayesian measure of the probability of false
discovery in genetic epidemiology stadies. Am J Hum Genet, 81,
208-27.

Wang P, Tian Y, Wang XJ, Gao ¥, Shi R. Wang GQ, et al. (2012).
CUrganophosphate pesticide exposure and perinatal outcomes in
Shanghai, China. Environ Int. 42, 100-4.

Weithunat R, Kaelin E, Vwmllaume G, Kallischnigg G (2010).
Effectiveness of strategies to increase the validity of findings from
association studies: size vs. replication. BMC Med Res Methodol,
10, 47.

World Health Organization (WHO). (1996). Biological monitoring of
chemical exposure in the workplace. guidelines. volume 1. WHO/
HPR/OCH 96.1. Geneva.

Whyatt RM, Camann I3, Perera FP, Ravh VA, Tang D, Kinney PL, et al.
(2005). Biomarkers in assessing residential insecticide exposures
during pregnancy and effects on fetal growth. Toxicol Appl Pharmacol.
206, 246-54.

Whyatt RM, Camaun DE, Kinney PL, Reyes A, Ramirez J, Dietrich J,
et al. (2002). Residential pesticide use during pregnancy among
a cohort of urban minority women. Environ Health Perspect, 110,
50714,

Whyatt RM, Rauh V, Barr DB, Camann DE, Andrews HE
Garfinkel R, et al. (2004). Prenatal insecticide exposwures and birth
weight and length arpong an urban minority cohort. Environ Health
Perspect, 112, 112532,

Wickerham EL, Lozoff B, Shao [, Kaciroti N, Xia Y, Mecker JD. (2012).
Reduced birth weight in relation to pesticide mixtures detected in
cord blood of full-term infants, Environ Int, 47, 80-3.

Wolff MS, Engel S, Berkowitz G, Teitelbaum 8, Siskind I, Barr DB,
Wetmur J. (2007). Prenatal pesticide and PCB exposures and birth
outcomes. Pediatr Res, 61, 243-30.

Yang D, Lauridsen H. Buels K, Chi LH, La Du I, Brunn DA, et al.
(201 1), Chlorpyrifos-oxon disrupts zebrafish axonal growth and
motor behavior. Toxicol Sci, 121, 14659,

Ye X, Pierik FH, Hauser R, Duty 8, Angerer J, Park MM, et al.
{2008). Urinary metabolite concentrations of organophosphorous
pesticides, bisphenol A, and phthalates among pregnant women in
Rotierdam, the Netherlands: the Generation R stady. Environ Res, 108,
260-7.

Yolton K, Xa Y. Sucharew H, Succop P, Altaye M, Popelar A, et al.
{2013). Impact of low-level gestational exposure to organophosphate
pesticides on neurcbehavior in early infancy: a prospective study.
Environ Health, 12, 79.

Young JG, BEskenazi B, Gladstone BEA, Bradman A, Pedersen L, Johnson C,
et al. (2005). Association between in utero organophosphate pesticide
exposure and abnormal reflexes in neonates. Neurotoxicology, 26.
199-209.

Zhang X, Drive JHL, L1Y, Ross JH. Krieger R1. (2008). Dialkylphosphates
(DAPs) in fruits and vegetables may confound biomonitoring in
organophosphorus insecticide exposure and risk assessment. J Agric
Food Chem, 56, 10638-45,

Zhang Y, Han S, Liang B, Shi X, Wang F, Liu W, et al. (2014). Prenatal
exposure  to  organophosphate  pesticides and  neurobehavioral
development of neonates: a birth cohort study in Shenvang, China.
PLoS One, 9, e83491.

BIOMTSE

ED_002519_00011282-00111




